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e anc 
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rea jon t d was 2.1 e usive beam 'I'Jas us 

emiluminescence was f increase w h increasi NO 

ture. is can cross ion varies as 

L4 is ational NO 

i:ID11. attempt was made to c c ul depen cross 

section on J. The chemiluminescence enhancement was not nd to 

dependence on increas had n 

v ious ly sugges Low resolution chemiluminescence 

were recorded in t ran of 450-800 nm as a function collision 

energy. The emission curve co 11 is ion 
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The chemilumi bimolecular hal ogen ions, 

+ 

function 

the two 

l, have ied by molecular 

hnique. di sed ch luminescence was measu 

collision energy and, for 

ssures. Although no 

+ F2, as a function 

were obtained 

as a 

i-

y identify the emitters as IF, C1F , arguments are given 

to support is identific ion. observed react ion thresholds 

4.2 and 5.9 kcal/mole + and ICl + ively, 

are same as t old ene ies ion stable 

tri F and CliF. is nci of threshold ies, 

as well as similar hi col lis energy behavior~ impl 

lumi ion s via a le i 

medi is n oor resul and re 

ers wi a idden four 

react ion mechanism. A threshold of 11.3 kcal/mole was found for 

+ , no hold previously reported. 
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Finally, two computer programs used in the data analysis are 

ibed. One of programs calculates a relative velocity 

distribution from me~of~flight velocity analysis data 9 i beam 

width velocity into The second program 

i 1 i s determination of ion cross ion energy 

dependence using an assumed cross ion functional form, the 

relative velocity di ibution experimental data. 
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I. INTRODUCTION 

dy emilumi reactions is one way to work toward 

mate goal in chemical kinetics: able measure 

rea i on rates • I n s~ we want to measure the 

ion reactions in specific quantum having a 

if collision ene or tion and formi produ in 

if quantum th a given ve ng translational 

ori Whi we are a 1i ni 

ion cons ts~ some experi~ental( and 

n done ich i ic s that the 

various kinds does not ways result in a 

ibution (eit between or wi in the various degrees freedom) 

co on to thermal uilibrium Likewise~ has been sug-

ted vibrational energy~ may be much more eff ive 

ansl ional energy in vi some ld react ions ( ex le~ 

a thermoneutr reaction with the barrier in the exit channe1 9 see 

references 4 5 a mre comp l discuss ion)~ so is 

conceivable a ion mi be made more ic (perhaps even 

over a c rea ion p avail energy were in 

1 cross ecular que 

ions is an in 

of rea ions t main reasons: hni que lows 

study of unstable or highly reactive species· the chemiluminescence 

coming om a rea ion is n under 1 ined conditions 
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(single collision conditions with a very narrow, but variable 

collision energy); the chemiluminescence comes om products \>Jhose 

tum ates have been ou collisions. These last 

reasons make molecular beam technique icularly advanta-

continuing ort to obtain reaction 

ra This was main reason ind ion laser 

fluores 'luminescence crossed molecular machine 

rib in IL is i ne was i to e us 

obt n ffi~re information on al energy in ion 

machine has one sonic one quasi u ve beam 

source, so collision energy is well defined. ·1 i ght from the 

react ion zone can co 11e either dispers or as total 

fluorescence,. rna c h i ne a 1 s o lows for addition of a laser to 

either· ct vibrationally exci ound state products through 

laser induced fluorescence or exci one reactant beams. A 

calculation of the minimiJTI o rvable cross se ion for this machine, 

under various ions, is presented and indicates that the photon 

ction of crossed molecJlar beam s can rr10re sensi ve 

than mass ion, al this is ause the total cross 

se ion is absent in is machine whi mass ction ·ines 

measure the al cross ion. 

is hi se ns i v i ty i s ain results, lbed 

in Chapter III. from a study the chemi1 ne reactions 

with 12 , ICl and Br2, This study was prompted by an apparent 

disagreement n the results of previous ies~ ( ) with two 

papers(?.B) supporting a four center reaction mechanism for 
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* reaction 12 + F2 ~ IF + IF one( 6) presenting evi against a 

symmetry forbidden fryJr cen mechanism for this reaction. Our data 

suggest a idge ween two s of results and support the 

ani sm su in reference 6. 

light level was too low to obtain a rum~ so a positive 

iden f ation of the emitters cannot made. Arguments are given~ 

however~ supporting our lief that emitters are IF~ ClF and BrF. 

t sh the emil umi rea ions are 4.2 9 5.9 

11.3 kc /mole for F2 + ICl and Br2, ively. The coinci-

of thresholds for + and ICl with nd for 

the production F and CliF from the same reactants( 6) sugg 

iluminescence mechanism goi through a able ihalogen in 

The proposed mechanism so lains results obtained by 

her workers.(?) enhancement of 12 + through the 

excitation of was attempted~ but no ancement was seen. 

Chapter IV describes a study of the chemiluminescent reaction of 

* NO + 03 ~ N02 + 02, which was prompted by a su ion that 
2 NO( n

312
) (instead the ground ate NO( /2) was responsible 

for luminescence. In fi dy, a 

sonic NO was to obtain a the 

cross se ion. cross has a t old 

2.1 al le and an increasi stronger collision 

dependence as co 11 is ion increases. A 1ow uti on 

spectrum the chemiluminescence {45~800 nm) was found to shi to 

the blue as the collision energy increases. In of the 
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study, the temperature of an effusive NO was changed to see how 

in rn energy ects the ch luminescence production. The 

chemiluminescence was found to increase with NO temperature. After 

increases due to transl ion vi ation are accounted 

increase can explained by assuming cross section 

increases least as fast as 1.4 'iS t 

ional energy the NO beam. No attempt was the 

cross ion as a ion J. a was nd be 

consistent with v ious suggest ion th the cross section of 

N0( 2rr312 ) was at least four times as large as the cross ion of 

ground state N0( 2n112 ).( 9) 

Finany, in Chapter V, two computer programs used ir. the data 

analysis are described. One of the programs calcul a relative 

velocity distribution from the time-of-flight beam velocity data, 

program uses the relative velocity di ibution and an assumed func--

tional form of the reaction cross se ion to calculate an expected 

signal. By varying the parameters of the cross ion function until 

c culated signal fits the experimental d • the dependence of 

the cross section on collision energy can be obt ned. 
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II. DESIGN OF THE CHEMILUMI SCENCE LASER FLUORESCENCE 
CROSSED MOL LAR BEAM MACHINE 

A. lntrodu ion 

sed mo'lecLdar beam experiments using mass trometric 

ction provi ailed information on dynamics interac-

tion potentials for reactive. inelastic. and elastic collisions.(l) 

Recent improvements in techniques s dy increase in detect ·ion 

have made sible the study eros molecular beam and 

ions using photon ion. ( experl-

ments are crnnpl imentary to the former in that the ma.ss detection and 

product angular distribution ide information on branching ratios, 

lifet·ime of collision comp·lexes. relative produ translational 

energy, reaction thresholds and energy pendences. Photon detection. 

so far. has not been able to provide any angular stribution informa-

tion or relative product translational energies and, therefore. we 

cannot determine complex lifetime or parameters of the in action 

potential although reaction thresholds. energy dependences and branch-

ing ratios can be measured. The one piece information th is 

directly obt ned in photon tection, but can only be inferred in 

s~ne cases with mass ction, is the quantum ate of the products 

as they were forrned in rea ion. In ition, photon detection 

can reveal events with small probability, when electronically excited 

species are formed, where mass detection systems have too much 

background noise. 
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In a crossed molecular beam machine there is a well-defined 

collision zone t. although we have a small atial area for produ 

formation. the ucts ave the area at approximately 5 x 104 em/sec. 

Vi ion a 11y exc i products~ or long l i v electronic ~ vJi 11 

have a 1 ifet ime on order of 1 millisecond which vJi 11 give the 

mo lee u 1 es time to travel em, putting most the molecules out of 

the detector's viewing area. A small ion of molecules wi 11 

s t i l1 in vi area. so, wi a very sens i ve ctor$ 

ative lif ime and high detectO\A sensi vity, photon detection of 

crossed molecular beam products in visible and ultraviolet parts 

·f o. ctr urn is more sir For is reason. rea ions that do 

not produce, electronically excited ates, but give vibrationally 

excited ground state products, are udied through the use of laser 

i ndu fluorescence (e.g., 2·-4). 

The products of the crossed molecular beam reactions can be 

identified, then, by their trum, which is obtained either by 

di sa 1 the chemiluminescence or by laser indue f 1 uorescence 

(us i a le laser). can in information on products 

are rmed though oton ction may not applied nearly as 

universally as mass detection), what branching ratio is, how 

branching r io and quantum states ch with translat al energy, 

and what ion hold is. Determining what quantum states 

are populated (e.g .• is the excess ener disposed of in electronic, 

vibr ional, or transl iona1 degrees freedom, is there 



8 

a population inversion) and how diff 

(e.g., transl iona·l vs. v·i cd:iona'l) a 

forms of reactant 

produ state 

di tion are important s in gaining a un standing of 

rcri ic 

ant 

const s and b 1ecular rea ion mechanisms. The 

big in using crossed molecular 

or f 1 ow systems is at s un 

time are and 

mea sur ibution accur y 

among quantum s. 

machine scribed in tfrls ch 

using 

was 

ins of lk phase 

no collisions between the 

collision zone~ so 

br i ng r io 

si to udy 

of the photon detection crossed molecular beam produ 

hniques mentioned above. ause we are working with low signals 

(the gas 

torr), 

ure in the collision zone is 

main ctors in machine 

ground light, maximize signa'l and mai 

roximately 1 x 1 

ign were to minimize back-

n beam tech-

ni que adv good collision energy control and single collision 

conditions. Si le collision conditions require a low vacuum outside 

beam sources. so maximizat 

collision energy control 

sonic. 

of pumpi 

ires 

vJas important. 

at least one of 

sources be 

the signal noise ratio~ having the 

a part in maximizing 

sources as close to the 

light by painting surfaces co ision zone as possible reduci 

black, careful se1 ion a hi sensitivity~ low 

muHiplier. The next section is ch 

of the machine, tion C consists of a li 

gives a 

nd photo~ 

scription 

more important 
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characteristics (e.g., pressure, dimensions) of the machine and the 

final section is a calculation of the detection limit for a reaction. 

B. Design of the Machine 

The machine will be described in three parts: the main chamber 

and beam sources; the ction tem; the additional equipment 

used for laser fluorescence experiments. 

Schematics of m n ch are own in Figures 1 and 21 . with 

the parts be discussed label A-N. The chamber consi s of a 

stainless steel 304 tube with a 1/8 inch thick wall, 11 inches outer 

diameter and 31.5 inches long. A supersonic beam source (A-E) fits 

into one and a nless steel foil (10 mil thick) cone (F) 

which has a 1~1/8 inch diameter hole in its peak and acts as a beam 

catcher, dividing the main chamber ·into two parts. Each part is 

pumped by a six inch Varian oil diffusion pump (J, J 1
) and can be 

closed off from the pumps by sliding gate valves. The diffusion pump (J) 

under the reaction chamber has a liquid nitrogen cooled above it 

to prevent pump oil from i the 
( 6\ 

tion optics (L). 1 

The effusive(l) (or quasi usive) beam source (G) is shown in 

Figure 3. It fit a 5.895" diameter hole on top the ine 

and has no differential pumpi region li the supersonic source 

has. The effusive beam crosses the supersonic beam at 90°. There are 

two other pairs flanges in the ion chamber cross the 

machine at 70° (H,H 1
) and 60° (J.J 1

) relative the long axis. These 

flanges are used for the detection system (H). laser b 1e arms 
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(I, I'), and electrical ~throu s {H'), and 11 be discussed later" 

ause we use ion gauges (K) monitor chamber source 

pressures, and use resis ce res sources, is 

background radiation. For this reason, ion chamber 

was inted with 3M 101-ClO Vel black pa·l A"ll other 

surfaces in the rea ion (e.g .• the foil cone) were painted 

bla • exc a su aces could inted (e g •• the 

beam pper, nozzle s). is p was as i ng extremely 

fl ack, as hav·i ng usual requi of a high temper ure 

bak n9 serni-~perrnanent. App l ic ion of a liquid suspen-

sian of graphite was consi but such a ing is actually irly 

shiny and is easily wiped off. m n chamber was paint before 

being so no data ex i on the light reduction due to 

p nting in the chamber. However. addition of shiny surfaces to the 

chamber with subseque painting provide evidence that the paint is 

remely e ve in reducing scattered light. Many of the laser 

light baffles (to be discus later) were black anodized, but even 

that is not as e ve as the p nt. After application the 

paint, main charnbf~r was bak usi ing s. and pumped for 

two weeks, res ng in an ult amber ssure 

2.2 X 10~7 torr. One ptoblem th is th pump~down of 

the machine may t e two days t machine has open to the 

atmos sever a 1 

ile p showed no 

used in the beams (even 

aggrav prob 1 em of 

I \e.g., ing laser). 

signs ioration due to the chemicals 

F2), it seems that the chemicals may 

pump~down time. 
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The usive source (Figure 3, parts led I) was used in both 

experiments ri bed 1 a in the di ation. The source is 

signed so.that the nozzle (A) can 

temperature range of ~140 to +130°C. 

both heated and cooled with a 

experiments scribed 1 -to ge 

temperature in one case, and to prevent 

is ure was us in both 

a1 molecular 

condensation of beam 

mo ·l ecul es in other. The ing and cooli the in less 

steel nozzle are provided by al conduction t ough a r 

plating (B) on stainless 1 inch tubing was 

plated with copper to slightly greater than l/2 inch diameter and 

machined down to ex ly 1/2 inch diameter. The machining produces a 

smooth and un i surface, providing good rmal conduction to the 

plating from copper heating and cooling block. The block also 

helped clamp (E) the nozzle in place for alignment. The copper block 

is hard-soldered to a nless steel liquid nitrogen feed tube (G) 

wh·ich attaches the top of the beam source housing via a confat 

flange and copper gasket (H). The copper block has six holes, 

1/8 inch in diameter, drill in it na rods (F). Each 

rod, in turn. has r holes ou which is .010 inch 

diameter nichrome resistance heati re ich is connected to an 

electrical d-through on p beam source housing. 

temperature is monitor using a copper constantan thermocouple (Omega 

ineering) to nozzle tip with a hose clamp. found 

that it was necessary to add a radiation shield to prevent the 

resistance wire emission from reaching photomultiplier tube. The 

shield consisted of two black painted aluminum foil (approximately 
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.010 inch thick) rings and 1s own in Figure 3 (D). The nozzle tu 

is pl 

vacuum seal 

is the n1ess steel tu 

by a l/4 inch Cajon bore~through 

(I) a 

inches up 

against 

tip nozzle is n less and is .020 

ick 

nozz is 

c er i 

beam source hous i 

.015 inch 

h d i i1 

and a 

(c) • 

ameter nozzle hole is drill 

ignment) by a combi ion 

ig piece 

b nozz 

ight 1ision zone~ i le 

beam 

alignment p 

housing. igns nozz ho with on t 

to 

is 

nozzle can be aligned to thin .00 .002 inch using either an align-

jig or in situ, using c 

laser beam axis~ the other along 

ometers (one 

supersonic 

along the 

axis). The 

flange. into which the e usive source fits, has a key, allowing 

remova 1 and acement of source 

The di ance om the nozz to 

thout destroying the align

collision zone may be 

changed without realignment usi of ous widths with a key 

on s i 

The supersonic sources used in two experi swill be 

scribed in ail 1 were i the 

81 andard 11 supersonic source. ( 7) The ucer (E. Figure 1 and 2) 

that divides the source ch source pump from the react ·ion 

chamber di ers from ot in this research group in having more 

slope on the bottom and sides to increase pumping speed in the main 

chamber. 



The optics in the detection system are seal off from the vacuum 

system by a 2~1/2 inch diameter x 1/16 inch thick quartz plate (ESCO 

Optics grade Sl-UV) pressed against an 0-ring (L, Figure 2). This 

arrangement hast advantages of all ng lens adjustme s while the 

machine is under vacuum as well as su ing only quartz plate to 

the di usion pump oil vapor in the main chamber. The lens system, 

shown in Figure 4 (parts ·!abe"led A-L) is mounted on an Oriel 1142 

optical rail (J) using two Oriel 1164 carrier (D) and one Oriel 1162 

carrier (I). 

In assembling the optics, the optical rail was first carefully 

aligned to insure that the lens axes would coincide with the axis 

defined by the collision center and position of the photomultiplier 

photocathode or ctr slit (i.e., the center of the flange of 

the optics housing). This was accomplished by aligning a He-Ne laser 

with the tip the effusive source nozzle, a hole drill in the 

center of a flange th fit, th a key, onto flange H' of the main 

chamber·. and an iris moun on t keyed flange such th its hole 

was on the flange axis. The detection optics hol r~ (M, Figure 2 and 

K. Figure 4) that fits into fl H osite H'. was translated in 

the two di ions perpendicular to its axis until an iris, mounted 

with its ho on the optics holder axis was centered about the He-Ne 

laser beam. The holder was then bol into place and two holes were 

drilled through its f1 and the main chamber flange. In this way~ 

the holder could be removed and laced~ using pins through the 

holes, without realignment. 
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The optics holder has a flat stainless plate. wel in place, on 

which sits the optical rail. The axis of the rail was aligned so that 

the axis of the lenses would be on the ics holder axis. This was 

done by mounting an iris on an x-y moving it 

ong ic rail, noting how ition of the iris to be 

ch along rail to k the iris centered on the He-Ne laser 

beam. The was then us vertically us·ing shims and tmved in 

a left-right direction until iris was along the entire 

1 without ustment. 1 was then lted ace wi 3 

screws. ul not to warp the rail by excess bolt pressure. 

final slope and skew of l were measu so they could be 

accounted for when t lens ho 1 were machined. 

lens holders (Figure 5) were of brass and chemic ly 

b 1 ackened. Each lens ho 1 der consists of a pl that screws on to the 

rail carrier and has a ring mach·ined such that plane of the ring 

is rpendicular to carrier. r ri has a machined step into t. 

which the lens fits ex ly and is held in place by another ring that 

screws onto first, In spi of final image is 

o set by .175 11 and .008 11 r~ght of center, at a position 611 from 

fin lens. requiring t connection between 

flange and detector to be 

f-irst 1ens (B. Fi 

set according·ly. 

4) (Melles Griot 

optics housing 

i c f used s i1 i c a , 

f. L, 50nrn di • plano~convex) was itioned so that its 

distance to collision cen was equal to its a1 length by 

making sure the size of the image of a light, placed at the collision 
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center, did not change with distance from the lens (i.e., the light 

was parallel). The holder fort second lens (C) (Menes Griot 

synthetic fused silica, 200m f. L, 50mm d i p 1 ano·~convex) sits on 

the same carrier as the first lens and usses the parallel light 

from the first lens onto an iris (E) (maximum opening: .5 inch) 

located at its focal point. The purpose of iris is to exclude 

light other that coming from the collision center (e.g., 

signal to noise ratio will reach an optimum value as the iris opening 

is varied. ird lens (G) (ESCO Optics, fused silica, 

2 inch diameter. 2-5/8 inch f.l., plano-convex) was positioned so that 

its focal point was at the plane of t iris. At this point it was 

found that the light could not be made to come out excactly parallel, 

so the position of the third lens was optimized for the least light 

divergence. The fourth lens (H) (ESCO Optics, fused silica, grade 

s·I~UV, 1 inch diameter, 6 inches f.l., lindric ) was placed on the 

same carrier as the third lens and served to 

re angular photocathode the RCA C31034 

us the light into the 

omultiplier. If the 

spectrometer (Jobin Yvon HRP .6 meter) is to be used, lens 4 should be 

lac another lens, same as fi except with a 5 inch 

f. 1 •• which will match the spectrometer f number 4. 9 better·. 

The ance le at the collision zone end of the optics 

asembly is .32 steradians. fi two lenses are made of synthetic 

fused quartz and have the transmission fun ion shown in Figure 6. (S) 

The other lenses and windows have extended transmission (to 160nm) 



in the UV, 

teet ·ion 

16 

the curve is, otherwise, the same. This gives the 

tem a total e icien of L7 rcent 5000/\ wHh 

1 i ght 

Light collection could. 

into 4rr ians at the collision center. 

course. daub l by addition of a mirror 

oppos i the quartz plate. 

lens system is covered by a bl ized tube (N, Figure 2 

and L, Figure 4). This tube, which co nne 5 to t optics hol v·ia 

n with a k ther to a flange that bolts to 

a f1 ange having a e ng to sli on 

a key, connects, 

the PMT housing or 

spectrometer. 

ice cooled housing 

The photomu 1 tip '1i er (RCA C31034) is housed in a dry 

ific ision Model 3378). tu manufac~ 

turer does not recommend dry ·ice cooling of C31034 when tube 

is in an ordinary teflon socket (9). For this reason. we had the 

housing manufacturer drill out the teflon socket to insure that the 

voltage divider pins would be insulat from each other but still 

loose in the flon socket so th when teflon contracted on cool~ 

ing, the pins would not be stressed causing tube breakage. RTV 108 

was used to seal the tube se to the lon soc prevent mois~ 

ture conden 

we 11 under 

ion on pins during cooling. Our tu operated very 

conditions and h a count of 25 cps at dry ice 

temperatures, with a 1700V bias. The output the photomultip1ier 

(Figure 7) went first into an amp1ifier~discriminator (Pacific 

Precision Model AD4) then into a g ng circuit (either an LBL l3X3050 

and Timer Module or an Ortec Model 9320) iggered by a chopper 

(D. Figures 1 and 2) on the supersonic beam source (Bulova type L40 
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150HZ tuning fork). The electrical feedthrough for the chopper is on 

flange H'. The g ing circuit ed the output into a dual channel 

sc er (Whi r Model 1 or Ortec Model 9315) where one channel 

co 1 

con 

c ted s i g n a 1 w chopper block 1ng the beam, the other channel 

signal when the chopper was clear of the beam resulting in 

omatic kground subtra ion. 

The spectrome can in a variety of ways. It an exit 

slit as well as a photographic ex a11owi use a camera. photo~ 

multiplier or optical rrultichanne1 analyzer (PAR OMA I Model l205A 

with 1205KD as a ctrometer has been 

modified to couple to either a cooled or uncool PAR OMA. For the 

work • the ctror11eter was used only with camera 

and the photomultiplier. The spectrometer a maximum dispersion of 

B'A!mm which. combined with the 500 annels. 25ll wide, on the m~A. 

gives a resol ion of .2o'A; The photographic grating has 

1800 grvs/mm. is blaz 500nm, with a peak e icien of 65 per~ 

cent. The imated efficiency of the spectrometer is .3 percent, at 

500nm, ed on , 6 rcent transmission 1 ight radiant on the 

entrance s1it ( er ime 1 v a 1 ue) • 

laser light sea r om a replaced in 

lision r. in this case, was 

supersonic beam axis (determin usi a c 

on 

collision center. The 

i ion 

) and aligned 

laser beam. The image of light was cente on the 

entrance slit and the two focussing mirrors in spectrometer; this 

assured ic axis the romter was the same as the 
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optic axis of the lenses. The ima of wire was then us sed 

on entrance slit by adjusting the position the ctrometer, 

and the entire process repeated until h alignment criteria were 

met. 

laser baffle arms are patterned those designed by Zare 
I 2) 

a1.,\ FigureS. are cons nl ess l 304 

tube~ inches 2.5 di 1/8 inch thick. 

Inside r le (C), as shown in Figure con 

of .032" thi anodized aluminum, d 1n place r 

stainless steel flanges (D) machined just fit inside the baffle arm 

tubes. The ffles are separ by bl anodized aluminum spacer 

rings (E), each ring having 1/4'' diameter holes drill in the side to 

increase pumping sp in the arms. The baffle n anges are painted 

black, which was found to significantly rease the scattered laser 

1 i ght. arms are sealed nst atmosphere by quartz plates 

(ESCO Optics, Sl-UV. 1-1/2 inch diameter x l/8 i thick) ghted, 

using Dow Corni 3145 RTV, onto 1 inch diameter Pyrex tubing (the 

inside of which was ack), which was cut at Brewster 

angle of for 6000A light held by Cajon fittings (A). One of 

the windows 

iL Wh i this win was design 

sufficient back scattered and multiply 

ndow at Wood 1 s horn was found 

entrance than exit arm. 

be 

the glass t 1ow 

exit ndow, there is 

lected light at the entrance 

be of more h p on the 
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Because the baffle arms are so long. alignment of the laser is a 

critical procedure, After several alignment attempts. the following 

procedure was found satisfactory. 

l) Without the baffle arms in place, cross hairs were put on 

f' . I I , I ' main and laser (in the experi~ 

ments discussed 
+ 

• a Spectra Physics Model 171 Ar laser was 

used) II'Jd.S aligned, using two rrors in Burleigh mounts to rect the 

beam (Figure 9). so that it hH of both cross hairs. A 

lOOOmm f. 1., 2 inch di ns after leigh mounts reduced 

scattered light consi ly by ussing the laser beam near (but 

not at) collision center. A cathetometer was align with 

cross hairs. looking down the beam axis. and used (with an index card 

to block the laser!) make sure beam was well centered. It is 

important that this alignment be carri out c ully because once 

the baffle arms are in place, it is much harder to see how the laser 

beam is misaligned. 

2) The laser beam was blocked and the baffle arm closest to the 

1 aser was on to machine. the Brewster 1e window was 

le out. The baffle arms are su ic i ly vy a piece of 

annel iron was clamped on to the main amber support stand and 

threaded rods attached 1 iron to support and position the 

arms from underneath the side. The arm was positioned usi the 

threaded s so all four baffle es ir axes on the 

c ometer axis. The Brews angle ndow was added, the index 

card removed from the laser path and final positioning of the arm was 

rformed, 1 ing for minimum laser spot stort ion and sc 

laser light. 
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3) The procedure was performed. as above, for the second baffle 

4) Clamps (B. Figure 8) were made ach to Cajon fittings 

at hold the Brewster angle windows in place. These clamps held a 

piece of aluminum about an inch in the Brews angle wi 

to which cross hairs were attached such that the aligned laser 

hit of the cross rs on h and exit arms. 

it ions the cross hairs were scratch into the 

umi num. Every me laser was turned on peaked maximum 

power, the posit<ion of the beam ang sli ly. The scattered light 

seen by the photomultiplier is very sensitive to the position of the 

laser and so~ by putting cross hairs in place, the laser could be 

realigned th machine under vacuum. The cross irs could n 

be removed to run an experiment. This method was found to be 

·isfactory. The laser could be rea"ligned day after day, getting 

basic a 11 y same scatter light count as when the laser was 

initially aligned, approximately 800 cnts/sec at .1 watt dye laser 

power. 6000,1\, 

There was enough light 

ndow 

length (if 

through a 

associated 

lit at 

EU 700 

laser, 

used) monitoring (Figure 9). 

entrance Brewster angle 

for both wave~ 

Physics Model 375, is 

The laser power dri sub~ 

anti 1y over the first one~half to one r rni ng it on. 

most likely due to thermal changes in the optics. 



21 

C. Chemiluminescence Machine Characterist·ics 

Ptessure 

Ultimate n chamber ptessure 
( th p nt, after baking) 2.2 x lo~7 torr 

Main chamber pressure with 1 torr I2 
beam from secondary source 8.0 x lo-5 torr 

~1ain chamber pressure with a 600 torr 
He supersonic beam 6.6 x lo-5 torr 

Optics 

Fraction 
lens 

l-ight lected at first 

Wavelength range of optics 

Maximum transmission of optics 

Offset of optics image at focal 
point 1 ast lens 

Typical Bearn Source dimensions 

Effusive - Quasi Effusive Source 

Diameter of Nozzle 

Distance to collision zone (no 
skimmer or spacer) 

Temperature range 

Supersonic Source 

Diameter of nozzle 

Nozzle-skimmer distance 

Nozzle-collision zone distance 
(assuming chopper is on this 
source) 

Angular spread (30 miJ skimmer) 

• 025 

• 65 

.175inch (.444 em) up+ 

.088 inch (.224 em) 
right of center. 

.015 inch (.038 em) 

.200 inch (.508 em) 

-140 to +130° C 

.003 inch (.008 em) 

.229 inch (.582 em) 

2.68 inch (6.81 em) 

7.5° 

Scattered 1aser light from a .1 dye laser 800 cnts/sec. 
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ion limit Calculation 

limH detection is normally ined noise 

2.(lo) In case a chem·i 1 umi ne ion~ 

se sources and approx 

1) Photomultiplier dark count 

2) iation from source 

e iment scuss 

source i1e 

00 s I sec)" 

3) ic noise which is 

a1 

i rement placed on the si 

tions ar·e: 

c s/sec). 

(for the 

was a. 

+ F 
2 

ligible tion 

square root the 

S/(25 + 300 + 

+ 2B) = 2. The statistical noise is represented by + 2B 

because the signal is the difference between two counts (two channels 

a du anne1 scalar in our case), one count has signal (S) + 

ckground (B), the other only background (B). The total number 

of counts is then S + 28 and f luct ion is ~B. If S "" 8 

then S = 744.5 cnts/sec for a si l to noise io 2. 

If al (un sper 

the light loss sources are: 

1) Photomultiplier 

2) Loss through 

3) iency (. 

emiluminescence is bei measured then 

turn iciency (.17 at 5000A). 

housing windows (.so at soooA) 
at soooA). 

4) Fraction of light collected by optics (.025). 
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There is no need to correct for the counting time lost in going 

through g ng circuit because all the count sources are subject 

to the same restrictions, antities quoted for noise sources 1 

and 2 are~ however, corrected for the gating system counting time 

loss. We require a signal comi out 

cnts/ sec. which means 744.5/(.17 x .80 x • 

photomultiplier of 744.5 

x .025) = 33687 emission 

events/sec are required in the collision zone vi by the 

photomul p 1 

If chemiluminescence is dispersed~ then there is additional 

loss on the spectrometer slit and optics .003 at 5000A. The stray 

·light rej 
~5 

ion in the spectrometer is on the order of 1 x 10 , so 

no additional noise sources need to considered. This additional 

loss. however. means that we will requ·ire 1.12 x 108 emission 

events/spectral width x sec. 

The next step of the cul ion is a correction for the loss of 

l i due emitters leaving the area seen by photomultiplier and 

requires that assumptions made about the veloci and 1 if et i me of 

the emi i ng the size of re u1ar photoc of the 

RCA C3l034 and accounting the magni fie at ion of the lenses used, 

the collision area seen by photomultip 1 is .092cm x .266cm X 

.892 em. 1 i ght emitted along the axis ics will be 

defoc uss to a n e 9 but not cut so it is assumed that 

vi ual1y ~ light emi ong this axis n be detected. The I 

molecular bearns fill is area irly uniforml he supersonic beam 

will be ~.892cm in diameter at this nt and the quasi~effusive beam 



will be much larger. If the emit has a li ime of l~sec. and a 

oci of 1 x 1 em/sec, then it will travel 0.1 em, on the 

emitting. Therefore, ile wi11 be some varia-

tion in number densi vJi ll be an roximate steady ate of 

emi in area (as a flux out the area 1 "!ow~ 

ing produ formation). If the emi er has a lon l i i me, 

lOOvsec. 

is loss must ace 

emi /sec are uired in 

for. So, lvsec li 

emi ng 
1: 

·ime, 3.4 x lOJ 

for a lOOvsec 

li ime 3.4 x 105 11~e-x/vT emitters/sec must be formed where x is 

the a nee el , v is the velocity and Tis the li ·ime. 

Assum·i ng t emi with center mass veloci 

(as in + L. X "" .14lcm. on the If v = 1 x 105 em/sec, 

then /v T 

"" .986 and 2.4 
7 

X 10" emi must be formed in the 

col.lision zone per second. If a trometer is then 1.2 x 108 

emi rs/ wi h x sec for 11-lsec lifetime or 8.0 x 10
9 

emitters/ ctral width x sec 

Using dimensions 

uir emitters/cc x sec 

al chemiluminescence 

Di sed chemiluminescence 
(per ctral width seen 
by the photomultiplier) 

lOOvsec li 

collision 

1. 
..., 

X 101 

ime 

ion~ 

Li ime 

final results 

1 oolJ sec 

1.10 X 109 

3. 66 x 1o11 
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There is one assumption in the calculation above that is highly 

variable; the ratio of signal to background. The data for 12 + F2 

had a ratio varying from .07 to .80. The background light is a result 

of reactions taking place in the chamber but not as a direct result of 

the molecular beams crossing. A lower background light would be 

obtained with lower background pressure and probably with better 

spatial definition of the quasi~effusive source. 

The calculation above is meant to represent the absolute 

detection limit achievable with this machine. While the 25cps of 

noise from the photomultiplier is unavoidable~ the heater background 

of 300cps could certainly be reduced. This calculation serves the 

purpose of pointing out areas of concern in planning an experiment and 

designing equipment rather than indicating a limit beyond which an 

experiment is impossible. 

If beam source number densities of 1 x 1012 molecules/cc for the 

supersonic source and 5 x 1010 molecules/cc for the effusive source 

are assumed along with a relative velocity of 1 x 105 em/sec, then 

the numbers above can converted into minimum react ion cross 

sections using 

where I is gnal, N1,N2, are the number densities of the 

beams. vrel is the relative velocity and o is the cross section. 

The results are, in ~2 : 



a 1 chemi 1 nescence 3 X 

I . 
~1 

1\lsec 

ime 

100)JS€C 

2.2 X 10~3 

o·; chemi 1umi nescence LO X 7 3 10-1 • X ~ 

Similar c a ·1 c u 1 at ions can for laser~induc fluorescence 

s. noise sources are (assumi mo·lecules 

1 aser 1 i ) : 

Photomul p1ier count s) 1) 

2) 

3) 

kground 1 aser· 1 ight ( 800cps .1 CW) 

c noise 

In is case background light to emission of background 

molecules will undoubtedly fairly high, al ough no d has been 

i ned ich a le imate may 

ain, means that S = 1796.85 s/ sec wi 11 

made. Assuming S ~ B 

required. There will 

be same losses as before (no rometer wi11 be rum 

is obtained by tuni dye 1aser), so 8. ssions/sec 

wi l1 necessary. 

colli on zone is now only by sources but 

a 1 so ze 1 aser beam, has a di i~ 

mately is is 11 area seen 

the photomul p"l to assume a s for the case an 

em·i th a sec 1 i ·lme. One mu be consi is 

that since the 1 aser induced fluorescence hn i que is signed to 

produce a spectrum that will indic relative probabilities of 

ct quantum formation~ ion a ansition must be 
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avoided. The number of transitions per cc per second is given by 

N(v 11 )p(v 1 ,V 11 )BF where p(v',V 1
') is the energy density at the requ·ired 

frequency. N(v 11
) is the number density of the molecules in V11

, F is 

Franck~Condon factor and B is the Einstein B coeff-icient for 

electronic transition.(ll) For ali ime of l~sec. B = 3.3 x 107 

5500.1\. Using a .1 watt laser 5500.1\, there will be cm2terg sec 

3.3 X 10~5 Icc. but ion molecules ab1e absorb in 

the laser line dth is 

energy density is 2. x 10~ 7 

ansitions/sec means 

ly 7 x 10~3 so ive 

Icc. We need 8.13 x 105 

' 5 7 
N(v") • 8•13 X lO /(2.33 X 107 

X 3.3 X 107 
X .01) = 1.05 X 10 

molecules in the conision :zone assuming a Franck~Condon or of .01 

(a f rly strong transition). is number represents the steady state 

product molecule concentration necessary to provide the minimum number 

of transitions per second. With the mo1ecu1es moving 1.0 x 

105 em/sec, ll require about 1.5 li imes to move out the 

photomu1 tip 1 v i ewing area. 

concentration molecules should i by 1.5 to 1.5 x 107 

molecules/collision zone to ensure sing exci ion only. The size 

of the collision zone is .092 x .266 x .414 •• 010 cm3 so we will 

need 1.48 x 109 molecules/cc in a given vi leve·l for 

detection. which corresponds td a cross ion 3 X 10~3 .l\2. 



Detection sensitivity would be improved if a puls laser were 

us the photomultiplier could g such th it misses the 

li observes the prod fluorescence. This technique 

would cular adv eous "lived molecules. 
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F-igure Captions 

Fig. 1. Si view assembly cross-section of the laser fluorescence

iluminescence cross molecular be~n machine. The 

Fig. 2. 

label s are: (A) su sonic source nozzle; (B) immer; 

(C) beam flag; (0) tuni ; (E) source reducer 

i a l ing wall), a acer is shown n the 

r n amber fl is s the tuning 

fork hi i ng ary source; (F) beam 

ca (G) second source (see Figure 3); (H) fl for 

throughs; (I) f1an connect to laser 

arms; (J) (J') flanges lead·ing to the g valves 

and 1 di usion pumps; (K) 

gauges. 

on fittings for ionization 

view assembly cross ion of the machine. Parts 

parts are: are same as lis for Figure 1. The 

(H) flan optics detection hol ; (L) quartz 

pl ics system the machine vacuum; 

( M) cs ·Jon holder (see Figure 4); {N) anodized 

optics cover X rna coll"ision zone. 

Fig. 3. Si view cross source. 

label s are: nozzle 9 hole diameter 

is • (B) p1 on the nozzle tube for 

ion; (C) ali p (screws into the 

source f1an ); (D) ack pai ·ion shield; (E) clamp 

part of co heating and cooli bl • holds the 
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nozzle in p-lace; (F) holes in the copper block in which fH 

alumina rods containing nichrome heating i41ire; (G) liquid 

nitrogen tube that is hard soldered to the copper block; 

(H) conflat flange connecting the feed tube to a flange at 

then connects to a liquid nitrogen reservoir (this connection 

also holds the copper block cl in line with the Cajon 

fitting that serves as the nozzle tube feedthrough); 

(I) Cajon fitting that seals the nozzle tube agai the 

machine vacuum. 

Fig. 4. Side view assembly cross section of the lens system. The 

labeled parts are: (A) quartz pl that seals the optics 

from the machine vacuum; (B) first lens (75mm focal length~ 

50mm diameter); (C) second ns (200mm f.L~ 50mm diameter;) 

(D) opt·ica1 rail lens carriers; (E) adjustable iris; (F) x-y 

translation stage for final itioning (optimization) of the 

iris; (G) third lens (2-5/8 inch f.l. ~ 2 inci-J diameter); 

(H) fourth lens, a cylindrical lens (6 inch f.l., 1 inch 

diameter); (I) optics 1 lens carrier; (J) optical rail; 

(K) optics system holder (M. Figure 2); (L) anodized optics 

cover tube (N. Figure 2). All lenses are quartz, see 

Figure 6 for a transmission curve. 

of the lens holders that attach 

Figure 5 gives a close~up 

the rail carriers (D) and 

(I). The cover be attached to the optics holder via a key 

and also has a key on the other end. 



Fig. 6. 

Fig. 7. 

Fig, 8. 

Fig, 9. 

sc ic a lens r shmAii ng (A), 

e-on (B) and top (C) views. View A shows the in which 

lens sits and t 

place. View (C) shows 

aini ring lds the lens in 

coupling the lens screw holes 

rail carrier. 

ssion curve as a fun ion wave ngth for the quartz 

lenses 1 and 2. her lenses extend 160nm in uv. 
but se same curve. 

ic si 1 essi 1 is sonic 

2 quasi usive or usive beam. The gate 

·is corr th the chopper on beam 1' 

providing automa c back ound su ion. 

Cross section of the laser baffle arm. The labeled s 

are: (A) quartz Bi"ews ter ·le win with Woodls horn (the 

·ins 1 t glass is painted bl ) ; ( 8) aluminum support 

for alignment cross hairs (see text). this support clamps 

onto on fitt·ing s the Brewster angle window 

the {C) one a 1 um i n um b a f f1 e 

(D) st nless le ring 1der; (E) a nodi 

a1 num ba lt: (F) ni r-i th holds 

·le rings and acers in it ion in the tube. 

Schema c 1 aser ali nt rror p. Ml M2 

are rrors d in ei mounts 1 aser beam 

posit ing. The 1000 rnm f.L lens usses the beam 

near, but at conision zone. The purpose of this 
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lens is to uce scattered light in the baffle arms. The 

cross h rs are supported by the aluminum supports (B) of 

Figure 8. The dashed line shows the path of laser light 

reflected off the Brewster angle window into a spe ometer 

where the laser wavelength and power can be monitored. 
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III. A STUDY OF CHEMILUMI SC HALOGEN - HALOGEN REACTIONS 

A. Introduction 

It has been known a number of years that reaction rates are 

not determined by ics alone. ic hinderance for example~ 

is a very important consi ion in ions involving molecules 

with bulky constituents. by Woodward 

Hoffman.(l) is requirement orbit symmetry be conserv in 

co nee ions. A cancer ss s lowed if 

occupied molecular orbitals of the ants continually maintain 

their symmetry ile oi tran ion into t occup i mole-

cular orbitals of products. If the orbital symmetry cannot 

maintained~ then the reaction is symmetry forbidden and a high reac-

tion barrier is predicted. The symmetry conservation requirement 

holds only for concerted reactions. reactions proceeding via a two or 

multi-step process are not subject 

Four center reactions provide an example of symmetry forbidden 

reactions. molecular ital diagram is shown in Figure 1 for the 

reaction of 12 + ~ 2IF. Two occ molecular orbitals 

of the products carrel with exc i ct molecular itals~ 

r rons would be exci to give 

ground products ·J s react ion auld have a 

high barr r. is diagram assumes a transition ate. Wh i1 e 

other transition are possible. those that are 

consistent with a concerted mechanism are likewise forbidden. 



0 0 rea ions n ps to 

symmetry ions. A cross 

molec ar 

pr ion /mo collision ener rt the 

r reaction ry. ( 2) by Birks~ 

nick and s ( 3) . 
~ 1 rea 

low ssure rocm temper in a flow i1 umi ~ 

nescence from rea ion, in 45 ran was nt i fied as 
.~ 

·) and was d IF( n,/ ? X 

1 i near in pressure. A investig ion of 

ce was al au was f emilumi~ 

nescence i with increasing F2• Birks aL two 

mechanisms as possible explanations for r results; an atom 

recomb on or a four center ion. h isms would be 

sufficiently exoerg to a·ll ow one e ctronically exc i IF to 

formed, but mec ism was as ·ing in 

wi ssure resuHs. Another crossed beam 

study, ne n i • 
(4) ion of 

r 
r2 th and HI n ev nee r 

center ion mechanism. In rea Iz e 

tri 0 F. was '('\/ a d co1l i sian 

4.0 al/mo with IF appearing above a co 1l is ·ion energy of 6,1 al/ 

mole. The IF uct angular di ibution did not have the 

rd~forward s at wo d if were 

via a r rea ion mechanism. S lar result were obtained 



for F2 + ICl. with a thr old 6.0 kcal/mole for CliF and 

20.1 kcal/nrole for IF production. In the case of F2 +HI. a 

thresh d of 11 kcal/mole for HIF production was observed but the 

collision energies used were not su iciently high to see IF. The 

conclusion reach by Valentini • was there was no four 

center ion occuring but that a stable trihalogen was formed 

the light observed by Bi al. was due to subsequent reaction of 

the tri th a fluorine The IF produced in crossed 

beam rea ions was ibuted to unimolecular decomposition of the 

highly excited trihalogen intermedi s. 

In an effort to further understand the mechanism of 

chemiluminescence production in the halogen~halogen reactions~ we have 

studied reactions of F2 with 1 2 ~ IC1 and using the 

crossed molecular beam method coup l with photon detection. Our 

results provide a connection between of Valentini et al. and 

Birks et . and suggest an explanation of chemiluminescence at 

low activation energies. 

B. Experimental 

The reactions were using lumine aser 

fluorescence cro molecular beam machine scribed in apter II. 

The F2 beam was produced by a supersonic expansion using the halogen 

nozzle beam source bed in a i 1 ·in e 5. ThA source 

consists of a resistance heated nickle nozzle with a .003 inch 

(.008 em) diameter hole. The nozzle temperatures used in this 

experiment were between 300 and 700eK. well low the temperature 



which fluorine atom production omes significant. The temperature 

was monitored using a chromel: al thermae le spot welded to the 

tip of the nozzle. The in nozzle ure provided a means 

of fine controlli the col1ision ener rea s~ the coarse 

control is provided by varying ·j ng io of f"luorine in 

various rare s.( 6) 

In mixing a heavy gas th a 1 i gas. h mo·1ecu1es 

sonic ansion, a veloci to 

mean mass of the mi ure. mixing fluorine to a fe\11 in 

he 1 i urn. then, fluorine molecules wi 11 much than they 

would have in a pure fluorine su nic beam. The velocity of the 

h particles in a seeded beam is given by 

where T
0 

is the nozz1e ure, T8 is the temperature of the 

beam after ansion (whi may consi 

lie 
. \ 

lOflSJ, and m are c and mass of 

mixture. This also in nozzle 

re on mean velocity the 

were s; 1 

in 7 in Ar in Ar cover a collision 

energy ran 3 - kca 1 e. mixtures were either ained 

commercia l1y or mixed in this ry. ssure behind the 

nozzle. imate1y 600 torr, was measu using a Baratron. The 
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gas line to the nozzle was made entirely of stainless steel and 

included a needle v ve and metering valve to cant the pressure. 

The rce was assembled as shown in Figures 1 and 2 of Chapter II, 

with a .030 i diameter immer p1ac .229 inches in front of the 

nozzle and a tuning fork moun in front of the skimmer to chop the 

beam. The distance from the nozzle to the collision zone was 

2.69 i 

The and Br2 were as quasi ive 

beams with Mach numbers 3~4. were run approximately 

1 torr pr~essure and were not The beam source was 

described in Chapter II (see Figure 3). A i a l achment was used 

on the nozzle for all three ions, it clamped on the nozzle and 

supported a .070 inch diameter skimmer plac .200 inch in front 

the nozzle. The skimmer provided some atial inition for the beam 

and was import in narrowing the collision energy distribution for 

the threshold determinations (see apter V). The distance from the 

nozzle to co11ision zone was .56 inch (1.42 em). The r2 

(Mallinckrodt ytical • resublimed als. 99.9 percent 

pure) reservoir was a round omed pyrex flask approximately 

ao"c in an oil h. The nless steel gas lines were heated, using 

heating • to 120"C and the nozzle to 125°C to prevent 12 
condensation. The same conditions were used for Br2 (Baker Analyzed 

Reagent. 99.9 percent pure) except that bromine reservoir was kept 

at o·c in an ice bath and a needle valve was used for pressure 

control. Because ICl decomposes above lOODC, measurements were made 

with both a heated and room temperature gas line and nozzle. No 
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di erence was observ eit in the chemiluminescence signal or when 

ICl beam was moni a q upole mass ct The 

(Research Organic/Inorganic ic s, 

reservoir was o·c in an ice bath ui no 

re control valves. 

velocity d·i ibutions di 

re and ratios usi time~ 

i que. ( 7) di ions~ flux numbers 

were obtained a us ·i ng IN 

UX scribed in reference 5. Sample veloci flux di ibutions for 

the supersonic fluorine beam quasi usive ne beam are shown 

velocities beams were c a 1c using CELUM 

in Chapter V of this di ion. A sample collision energy 

distribution~ calculated from the relative velocHy distribution 9 is 

given in Figure 4. 

The experimental up is shown in Figures 1 and 2 of 

Ch IL molecular beams cross in collision 

zone and 1 ght in ion col1 

a photomultipl ~ as scri IL light 

from ions was measu using photon counting hni 

counting iod was 200 with a 11 i second vridth" For 

gas pair 9 room was used as a 

normalization point was measured .t:: 0 

I 1 during t~un, 

In no case were the two room temper ure po·i nts in di 

within e imental error. Each d a nt s the 
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approximately seven 200 second counts. The pressure in the main 

chamber of the machine was monitored using an ion gage and used to 

ust the signal fluct ions in 12 pressure due to the slow 

response the x2 heater thermost Light from the reactions 

was measured as a ion of col1ision 

nescence was so measured as a ion of F2 pressure and 12 

pressure. the latter being changed by changing the h setting of 

the reservoir. The ICl + F2 a was checked for interference by 

any impurity in ICl by measuri chemiluminescence signal 

with the I2 reservoir 

pt-essure. so 1 i 

just to ICl, not 

0°C. No signal was seen at this low I2 

observed in the ICl + F2 reaction was due 

Chemiluminescence from a c1 2 + reaction 

would be lowed tically. All threshold determinations are 

the result two separate experiments. 

An attempt was made to obtain a spectr~n of the chemiluminescence 

observed. The spectrometer described ·in Chapter II was aligned with 

the machine and three methods were used in attempting to record the 

spectrum of + F 2' (1 percent in ) ~ at high coll·ision 

energies, strange of the t reactions. First~ t 

photomultip1ier was ached hie exit of the 

spectrometer and t spectral range 6040~ ~ was scanned. The 

photomultiplier output was recorded using an electrometer coupled to a 

chart recorder. Detecting no spectrum using s method, the 

photomu lt i p 1 i er was used in a photon cou ing mode, again without 

success. Finally, a camera was attached to the photographic exit and, 

using Polaroid land film type 57 high , the film was exposed for 



one hour at 00~ and 00~. No spectrum was observ due to 

nsu ic emi1uminesce yield; both 

I + 
2 

sHions are in vJavele h 

is reaction. no 

spectrum of ions. 

1ts and is 

In each ions 

1 nescence was 

,fl. "" X and B "" X 
(3) 

S·l nee the 

t was record 

+ ICl and 

i i was 

low to n a urn. !,{i a rum~ itive ific ion 

the em itt i ies cannot though the i bi1 it ies are 

; we can on1y excited d i cs or ·iatomics. 

ltip1ier (RCA 034). can light on·ly in 

200~900nm range. so we were si ·le q um vibrational 

transitions diatomic(B) or triatomic( 9•10) ogens. There 

is insu ic collision ener electronic exc ion of 

t ant diatomic a use h must be 

runni for li to ss ion hot can also be 

exc 1 Using in i aL 's value threshold of IJ c. 

{F 
2

I was seen) and C1IF ,ion c ·!y or 

hi ly vi iona1 exc i trih is cally 

inaccessi e. We are~ 1 imi ted consi formation 

a hi ly vi na1 or e ally excited c in 

ion. multiple um vi ional s'it·ion 

produce 1 i ght in the 2 r would not only impro~ 

bab.le but wou1d so ve su a long n ime t we would be 
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unable to see it with our experimental arrangement. Therefore, the 

light rnu corning from an electronically excited diatomic reaction 

product like IF, ClF or BrF. 

The chemiluminescence of the 12 + F2 reaction was measured as 

a function of I2 ure (F·igure 5) F 2 
pressure (Figure 6). 

The gnal was 1 i near th respect to I 2 
ssure, with the counts 

going to zero as the r2 ssure goes to zero. The signal was li 

wise linear in pressure although the line does not go through 

zero as F2 pressure s zero. The reason the non~zero 

intercept is that the source is a supersonic source and as the 

pressure behind the nozzle is reduced, the source eventually undergoes 
. ( 11) 

a transition from supersonic flow to usive flow. In this 

transition region, the beam ·intensity in the collision zone is no 

longer proportional to nozzle pressure. 

The linearity of the signal with respect to both 12 and F2 
pressure, c le<l with t ct th the signal is correlated with the 

chopped F2 beam, means that the reaction is the resuH of a si le 

bimolecular calli on 

several possibilities, 

1) Any mechanism 

r2 and the 

ifically: 

would ire 

beam. This excludes 

F2 or F atoms. 

ause the signal is carrel th the chopped am, we know 

that the i1 urni nescence is result of a react ion of the beam 

F
2 

molecules. If a ion with background F or was also 

uired, the chemiluminescence would have a quadratic dependence on 

pressure. 
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2) Any mechanism requiring more than one collision. this would 

give a higher than linear p nee on either 12 or F2 pressure. 

3) Any mechanism involvi I oms. A reaction of F2 with I 

ltoms is not su iciently exoe ic to electronically excited 

I f" 

r • exclusion of possibilities (1) and (2) above removes any atom 

reccrnbination mechanism. 

4) Any rnec ism 

quadratic pressure 

emi 1 umi 

or 

,.: or , 
2 

dimers~ this wou.ld give a 

sures. 

result of a collision between one 

12 and one mo 1 ecu1e. A r center reaction cannot. there~ 

fore. be excluded. A ssure dence dy of the other two 

reactions was made. 

chemiluminescence signal was measu as a function of 

collision energy all three reactions. The velocity distributions 

the three usive IC1) and of the 

supersonic fluorine beams (1 percent/He. 10 percent/Ar, 7 perce /Ar 

and He~ the three nozzle temperatures) were measu and 

conver~ted to rela ve velocity distri tions using am C UM 

scribed l n V, s angular (and 

the conision le ribution) into account. as well, in 

calculating the rel ive oc.i distri ·ion. The di stri ·ion 

the nozzle temperature ich data were was interpol 

from dis butions measu the ures, Program 

LUMFIT. also described in Chapter V, uses a fun ional form of the 

reaction cross ion to c culate the chemil necence gnal from 
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the relative velocity distribution. The cross section function is 

then vari until the c cula signal fits the e i menta 1 sign a l , 

within experimental error. A cross section weighted mean of the 

collision energy di bution can then be calculated. 

In fitting the threshold data r + 
2 

, a cross section of 

the form cr = C(l ~ (ET/E))" 5 was used where ET is the threshold 

collision energy and C is a normalization constant. 

The result is shown in Figure 7 where collision energy axis 

sents cross ion weighted mean collision energy. is 

3.4 kc /mole and is the threshold co lision energy; this does not 

include internal energy. The amount of energy ·in the internal degeees 

of freedom can be calculated assuming thermal equilibrium. In both 

the supersonic and quasi usive molecular beams there is a certain 

amount of cooling in the internal degrees of freedom as well as in the 

translational degree of freedom. Because vibrational spacings are 

ally large with ct to kT over our temperature range (300~ 

700°K)~ li le vibration~ translation energy transfer occurs the 

vibration temperature remains at the nozz temperature" Rotational 

spacings are generally small and energy transfer is icient so the 

rotational temperature ansl iona1 temperature are close to 

equal. The translational temperature, T0 ~ can be c culated from 

where M is the Mach number (which is calculated in program 

KELVIN(S)), and Tn is the nozzle temperature. (2) Table I li s 



the temperatures and internal energy associ with vibration and 

ation, along wi the Mach numbers, the beams used in this 

erimenL ure corresponding to threshold in the 

ion, the rnal a1/mo1e so the 

a1 threshold ener was 4.2 al/mole. 

We can make no dis nction, in is experiment, between the 

e cts ans1 al energy. We are assuming that 

the three forms of energy available are ally effective in promoting 

thou is as necessari in 

ra 1 . ( ,14) All the ds occ near the room temper-

re end of the collision energy r s the various mi • so 

there should 1 i 1e contribution from ni c beam 1 s 

i energy. Most in na1 ener comes from 

effusive source and; ag n, may or may not contri equally with 

anslational energy. 

The higher energy data for 12 + 

section of the form a"" c((E/ET) ~l)A. 

was fit using a cross 

While the shold cross 

section fun ion is deri from sc (15) ing theory, this higher 

energy rm has no ical significance was only to ive a 

cross section weighted mean collision energy. 

entire collision energy r di is 

+ F
2 

d a for 

in Figure 8. The 

parameters in fi ing the a were ET "' 1.0 /mole, 

A "" 4. 

The threshold cross ion function was used again in the 

analysis of the ICl + F2 data. shown in Figure 9. The threshold 

lision , i 5.1 kcal/mole, the internal energy at 



temper ure corresponding to that point is .8 kc /mole bringing the 

threshold energy for the reaction 5.9 kc /mole. The ICl + F2 

reaction was not udied higher energies. 

The a for + F2 reaction, shown in Figure 10, 

nted special problems in analysis. king I + 
2 

a in Figure 8, as the collision energy increases p approximately 

5 kcal/mole the chemiluminescence starts to level off. same 

phenomenon was observ by Va1 ini et al. (4) for r2 F. In the case 

of Br2 + ~ the 1eveli in chemil nescence th 

increasing collision energy occurs very shortly the reaction 

threshold. The experimental poi s may fit to a cross section 

function, as before. but the cross section weighted mean collision 

energy calculated from such a f does not provide a linear sla-

tional energy scale for a graph. On the low energy si of the 

chemiluminescence curve, the high energy tail of the collision energy 

stribution is given more weight while the opposite is 

high energy part of the chemiluminescence curveo this reason. the 

transl ional energy sc e for the Br2 + a was determined in 

two s s. The threshold. low energy part curve was placed, as 

for the curves, on a cross ion mean collision 

energy axis. The cross ion function was a c eq 

with no physical significance. The threshold collision energy is 

10. 7 kc a 1/ mo 1 e, 

threshold energy 

in a1 energy is .6 /mole for a 

11.3 kcal/mole for Br2 + F2• There of the 

collision energy axis was taken from the high energy r2 + 

ion 



results bee ause 1" + 1 i He has a collision energy 12 

dis ibution t to + 1 F2/He, 
2 

ich was re us to d a. Therefore, while the 

ene ies near threshold of ions represent cross section 

weighted mean 1ision energies for t reaction Br 2 
w"ith F 2' 

re ener'gy axis not sent true mean energy 

is ion, gh d"i is not 

ze t ' l i was seen n t 

ions is ion rorrl c 1y excited 

d ornic products~ IF. ClF BrF. t ds for the chemi 1 umi ·-

nescent ions are 4.2 kcal/mole + 5.9 al/mole 

.3 kcal/mole Br 2 + F2• In the case I + F 2 2 
or actua 1 in chemiluminescence 

with increasi co11ision energy was observed. 

0. Discussion 

While our data on the ure dependence of the chemiluminescence 

is consistent with a bimo ular react dependence 

t "light prod ion indic s mechanism~ than a r 

cen rea ion~ responsible. the t 

ions are shown in Figure ~ included are levels for 

st le iha ns o Valentini In the case of 

+ F our 
2 luminescence ld 4.2 kc /mole s 

very well with Val ini's threshold of 4.0 kcal/mole for I2F 

formation. A four center reaction to produce either 
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IF(B) + IF or IF(A) + IF. on the other hand, would either be exoergic 

by 16 kilocalories with no rea ion threshold or, if the predicted 

barrier for the symmetry forbidden four center ion exists, the 

threshold would almost certainly be hig than 4.2 kcal/mole. The 

reaction of r2F with F is also exoergic enough to produce one elec

tronically excited IF in the A or B state. Another similari between 

our chemiluminescence results and Val ni 1 S i 1ogen results is 

the leveling chemiluminescence after approximately 6 kcal/ 

mole collision energy, ich Vale ini ibuted to the unimolecular 

decomposition I~F. While a leveling off 
(.. 

the chemiluminescence 

might be expected for a four cen react ion as we 11 ~ our hresho 1 d" 

for this leveling agrees well with Val in i 1 s for L/. 
L 

The agreement between our results Valentini 1 s suggests that 

the mechanism shown in Figure 12 involving the formation of the 

ihalogen, r 2 F~ and subsequent reaction of 

departing fluorine atom may be responsible for 

end iodine with the 

1 i we see. The 

pressure dependence studies restrict the chemiluminescent reaction to 

a single collision mechanism, so we propose that the two step reaction 

of 12 + F2 ~ F + F, I2F + F ~ I + IF may occur in a "single 

co1lision 11 between F2 and I2• In vast majority of collisions 

occurring above threshold in the collision zone, 

would react to form I2F and F, the products would sep and be 

detected by Valentini but not by us. In a the collisions~ the 

1
2 

and react to form I
2

F but the F atom does not escape 

before a secondary encounter occurs giving the second step. I F + 2 
* * F ~ IF + IF and we detect the light from the IF . have, then, 
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a branched react ion·~the major branch gives IzF and the minor h 

results in electronically exci IF. This an ism brings up 

sever a 1 questions: why couldn't Va1e in i aL see minor h, 

s this om a four ion, does this expl n 

results ained by Birks 1 
( 3) 

a • and same i srn 

hold for other reactions di ? 

Using ng ion: 

cr "" S/(v N ) 
12 2 

we can ca1cu1 ~ from our d a, cross ion ion 

of I from 12 + F 2" In the equation. v is rel i ve 

ve~locity of 5 products and is 1.38 x 10 em/sec at 15 kcal/mole 

col.lision ener s is chemiluminescence signal. which is 

1. /mole (corrected for loss to optics 

tr ss I f number collecting optiCS 9 photomultiplier 

iency and ss of I di usion out col1i on 

ore ssion). ( 

we c cul a cross ion. o, 

NT "" L4 x 1010 molecules/cc. 
l2 " 

.002f\L. is cross ion is 

zone 

much smaller ion Va 1 i ni saw for 

major ion anch. Ab one in one ousand collisions results 

in f1uori ne atom ary encounter with 1/ 
* .oozf\2 ing IF A ion cross ion would have been 

too sma 11 len ni see, e ially a use vJas IF 

production unimolecular ompos it ion I F 2 as well as from 
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fragmentation of r
2

F in the detector ionizer. There are two factors 

that greatly enhance our ction sensitivity over that of 

Valentini's; photon background signal is much easier to reduce (in 

this case) than ticle background sign and we were collecting 

chemiluminescence (i.e., looking the integrated cross 

section) while Valentini was looking at a differential cross section. 

.It is not surpri ng, then, Val ini did not see the symmetric 

IF production that would be expected minor ion branch. 

The factor that se s the mechanism we are proposing from a 

four cen reaction mechanism is the ability of the trihalogen 

formed. pointed out in the introduction to this chapter, the 

syrrmetry rules th forbid four cen ions require that the 

react ion be concerted~- that the o 1 d bonds broken at the same time 

as the new bonds are made. In the mechanism we propose, a stable 

trihalogen is formed fi • in most collisions, is the final 

product. In the other collisions, the ability of the ihalogen 

drives the reaction to begin with~ then a sec ion occurs, 

precluding a ration of first ion's products. Because we 

cannot measure angular di ·i but ions minor reaction h was 

too small to seen by Valen ni, we can make no estimate of the 

1 i ime of the I2F ..• F complex and do not know if it s as long 

as one rotational although ltJe e ct it to be shorter. 

The results presented provide support for the 

suggestion(
4

) that the chemiluminescence seen by Birks et al. is a 

result of the reaction of I2F with F. In our study of the reaction, 



60 

the light was produced from a single collision and was a low proba-

bility event. In the f1o¥J stern us by Birks, many collisions will 

take place so the r2F formed is restri to reacting with its 

11 own" fluorine atom. Given the fol'lowing e·lementary reactions: 

kl 
I + 
2 

., + F ( 1) 

k2 

IzF + F ? I + IF ( 2) 

k r ., IF + hv (3) 

* IF IF + M ( 4) 

( 5) 

(6) 

and assuming steady state for I and F atoms we 

( 7) 

This is the same ion for the excit IF ration as is 

obt n assuming a four center reaction and accurately describes 

B irk's a. 



While it is impossible to make such a clear case for the reactions 

of ICl and Br2 with F2, the data we obtained is consistent with 

this mechanism. For ICl + F2, we obtained a threshold of 5.9 

kcal/mole while Valentini saw a threshold of 6.0 kcal/mole for CliF 

production. The agreement is very good but, looking at Figure 11, a 

four center reaction producing IF(A) + ClF would have nearly the same 

endoergicity. The spectrum of ClF(A~X) not yet been observed(B) 

although it is expected to be higher in energy and would not be help~ 

ful in distinguishing a four center threshold from a CliF threshold. 

While Valentini observed the leveling o CllF production with 

increasing collision energy, our data does not extend a high enough 

ener to check for the same effect in the chemiluminescence. 

Valentini was unable to see formation of Br2F, although that may 

a detection sensitivity problem rather than an indication th 

Br2F is not formed. If the mechanism works for Br2 + as well. 

the'n the rapid leveling off and decrease of chemiluminescence indi-

cates that Br2F does not have as high a stability as r2F and CliF 

have. Our reaction threshold Br2 + F2 was 11.3 kcal/mo1e. 

Figure 11 shows the levels for BrF(A) + BrF BrF(B) + BrF produc-

tion to be 13.8 and .3 kcal/mole, respectively. At first glance it 

* would seem that we are not observi BrF emission. that it would be 

energetical1y inaccessible. The .8 kcal/mole level indicated for 

(A) was derived on"ly a few A~X itions that. most likely, 

. (17 18) fl9) did not even form a complete progress1on. • Recent work' 



on the (B~X) transition has provi new information on the dis~ 

sociation ener BrF d i ncons i with the previous 

s 1 i nes ~ al/mole 1eve1 

'~ven more suspect. 1e II 1 i s the \)00 ·ies in al/mole) 

and trans it sever h ogens. values in 

p ses are ai n. From the trends in the iodine and bromine 

series it is ce y ib 

/mole the .8 

more 

One final stion is whether t 

wo s~ do product e le 

electronic s first 

rm symbol ant 12 F is 

tronic IF 

final product el ronic s we 

(A) level could 3 

+ It would 

"iC d (A) and 

mechan"l sm is consiste 

In 

wi ant 

is determine the nic 

then ne in what elec~ 

s are formed. A11 t of the 

are concerned 
1 + with, IF(X z

0
, 

3 A n1• B3 n;)~ correl with two ground ogen atoms. In 

the case of homonuc 1 ear ihalogens, X correl with 

nd halogen 
/2~ 

1 s with one 12 and one /2 ha 1 In 

nuclear case, ver, i an curve crossing between the 
+ + no and a sive ate no iabatic 

correlation two around 
,/ 

ha 1 oms. Therefore, ei the 

I atom must be in ground ate or t IF the 
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r2F reactant must be formed in the excit Unfortunately. we 

2 are unable to distinguish between formation of a P112 and 
2 P312 atom usi simple corr ation rules. What we will be 

able to 11 is whether formation of a 

or 3n~ IF fragment is compatible. 

t d l+ 3]il a om an z 0• , 1 

The trihalogens have valence electrons. which puts them between 

the bent (~100° bond angle) tri omic molecules with 20 electrons and 

the linear triatomics, with rons. geometry of 21 valence 

electron triatomics is well E imenta1 work on 

matrix isolated cli9) indicated a linear geometry. although 
J 

subsequent work( 20) suggests that the spectrum may have been due to 

cf3. Work on Cl (lO) indicated a bent geomet with a bond ang'le of 

140±19° ~ which was supported by the SCF calculation result of 148°. (2l) 

The crossed molecular beam study by 1e ini( 4) a·lso indicated a 

bent geometry for F atom abstraction in the ions 

and HI. This is not conclusive evidence for a bent trihalogen pro-

duct, however~ because non~linearity refers to the reactant, 

F-F-1-I. geometry which may not carry ave~ i the product I/· If 

a bent I2F geometry is assumed. then the molecular orbital 

configuration can determined by analogy th Cl results. (21 ) 

a c2v symmetry and an electron configuration The C'IF2 radic 

2 2 of ••• 8a13b19 giving a ground ectronic ate. The c2V 

symmetry Cl is consi with the rule governing the arrange-

ment of i n a t r i at om i c : the 1 electronegative atom is 

the middle atom. umi r2F obeys this rule, it will have C
5 



symmetry and an ectronic configur ion of ooo(n)a• 2
( )a• 2(n+2)a' 

giving a 2.A! nd ectronic st Cc, symmetry group has 
.J 

two s' . ·identity a mirror plane, the plane the 

molecule in this case. The orbitals symmetry a' 

a", an s ric wi re ct to 1e ion t the plane. With 

this cri rion. we can classify the 2P atom electronic term as 

having e·i A1 (singly occupied p orbita·l in molecular plane) or 

A" (p orb·ita1 perpendicular to the plane) symmetry, Likewise, 
1 + < 

1:
0 

st of IF 11 A'; while "n st are e·i A' or A11
, 

an When the IF mo 1ec e and I atom uni i r2F. they mu 

A' (ground) ing a di product( ) of the I IF st 

symmetries. the allowed c~nbi ions of IF and I are: 

I IF F 

A~ (2P) A' A' 

A"( 2P) A" A' 

If the I atom is formed in the A" ate. with the half~occupied 

orbital perpendicular to the plane of the molecule, 3n0•1 

state IF must be formed. Therefore. if were some way 

determining whether the ion with the F occurred in the plane 

or out the plane of the I2F ant (e.g., obtaining a ion 

population distribution the I F produced 
2 

le 11 if the IF fragment 

1
2 

+ ) we mig be 

electronically 

exc i IF. any cas e. anism is consis nt with exci IF 

formation from r2F( '). 



When the ClF(A~X) transition is analyzed, it is likely that the 

reaction of ICl with could provide information on whether the 

newly formed ClF or IF nt is electronically excited. If the 

C1F(A~X) and IF(A~X) transition could separated using a spectra~ 

meter, then appearance light om only one molecule? at a collision 

energy high enough to low excitation of either~ would answer the 

question. If IF+ ClF{A) lies at least 1 kcal/mole above CliF +F. 

then we IF{A) is formed. but in of any i nforma~ 

tion on C1F(A) we can draw no conclus h f of the 

F~X~Y~F is formed in an ectronical1y exci ate. 

* E. A Study of Laser Enhancement of IF Production 

Another study of t 1
2 

+ F
2 

reaction, that was not mentioned 

in the introduction to this chapter. was made by Engelke. Whitehead 

and in 1976.( 23 ) The reaction was studied using the cro 
+ 

molecular beams method. but an Ar laser (514nm line) was u to 

excite the 12 beam to see if the additional energy (55"6 kcal/mole) 

and 12 ron configuration chan would I production. 
1 + The I2 transition excited was 'X I \ ' g I u O?B3n + v "' . ou• yi 

I p ( 8) and 

R(15)) (24) and corresponds to the trans·ition of one electron from a 

w* to a o* orbital. back it ion 

ou1d not much on the forbidden re of a four center 

reaction mec ism for is An enhancement of I (A~B) pro-

duction was~ in , found to correl with the laser exc ation. 

The chemiluminescence was linear with respect to F2 pressure and 



hser power (the I? fluorescence was also linear with respect to 
'-

1 aser power so chemiluminescence is linear with respect to 

* I2). A cross by Engelke 

al. for production of I at a con i s ion 

energy I mo 1 e ( c a 1 c u l le velocities 

of the two usive ams). No emission was seen for reaction of 

* I2 with C1F C1 

ion to a four rea ion 

results 

experiment. ( 

i r inability to 

* ribu IF 

some doubt was c on 

I emission in a 

An this iment was so in this 

ir 

of 

atory usi essentially same e iment s as de sed bed 

earlier in this r. An Ar+ laser was i (see Chapter II) to 

excite 12 molecules from the effusive source in the collision zone. 

12 source was moved ,37 inches from the collision zone to 

help r 1 aser 1 i In the fi repeat 

the exper nt. the Ar+ (514nm) laser was run 0.1 watt (Engelke 

a l u 

was coll 

was esti 1
2 

excit 

lated with chopper on 

co q in 

seen. at approximately 

place F2• 

then run as a 

keep sc 1 i 

with the I beam, 
2 

collis zone, 

X 10~5_ • ,1\ si 

A mixture 

light 

ion 

corre~ 

F2 beam was it 

emiluminescence. and could also be 

same Hude, using a of pure Av• ' . 
ion re. F 2 

am was 

at .;, same ion pressure. and • '" 

in 
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again a signal corresponding to quenching was seen, although 

smaller magnitude. experiments were also tri using a 500nm 

* cut-off filter to preferentially transmit any IF emission to the 

blue of the laser line, which is where Engelke al. made most 

their measurements. The same results were obtained both with and 

without filter, 

The quenching data was analyzed to n the quenching cross 

* sections for by F
2 

and Ar. The equ ion used for the 

c a 1 c u 1 ion i s 

where M is the number density of and Ar, L is length of the path 

* traveled by Iz through the quenchi gas and the factor of 2.0 is 

to account for the increase in the collision rate relative to random 

motion at room temperature. A value for L was determined by con-

* sidering the distance 1
2 

could travel, on the average~ in one 

lifetime. Assuming a veloci of 2.2 x 104 em/sec and a lifetime of 
~6 (26) ,~? 

2.9 x 10 sec, L = 6.4 x 10 - em. The fluxes of Ar and 

F2 beams were measured using an ion and converted to number 
"2 12 sities to obtain 2.8 x 101 molecules/cc for Ar and 1.2 x 10 

molecules/cc for value has an approximate uncertainty 

of *.5 x 1012 ause the filament of the ion gage was noticeably 

* * degraded during the flux measurement. With values ~I 2 tr 2 
of 1.1 ± .3 x 10-3 for F2 and 1.7 ± .3 x 10-3 for Ar, we get the 

following values for the quenching cross sections: 
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.8 incl estimated error in F
2 

flux 

determination) 

The li ure v ue for the Ar nching cross ion is 5.11 (27) 

no ue had measured previously for F2 • It is not clear why 

the cross se ion we obt ned Ar is so much hi than the liter-

ature value. most li y source error in the olu value of 

the Ar cross section is in flux value measured; the ion gage was 

not checked for calibration nst The number density of Ar 

relative to should ill rel-i le, which gives an F2 

quenching cross section of 7.8~2 

5.11~2 . 

Attempts to repeat Engelke 

ative to an cross 

al.'s experiment by coll 

ion 

i ng tot a ·1 

fluorescence would clearly not work due the large degree of 

quenching occurring. The second, and last, attempt to repeat the 

experi was rformed us i a (see Chapter II) to 

disperse chemiluminescence and a laser power 3.0 watts. The 

output from photomultiplier ( C 034)~ moun on the 

trometer, went through an electrometer to a chart recorder and. 

first. 

was 

earance of 

Enge1ke( 23 ) 

I I although 

I 

* trum of I2 ( 

on two 

1 i nes and 

nd that 1 in 

a value 1 X 

) was recorded. The pure 

possibi1 ities were check for: the 

* the quenching of !2 1 i nes. 

* 5 quenched 12 molecules formed 

1 sec was as I .. 



lifetime which is at least 100 times too long. It is hard to 

estima • without owing their ctor geometry. how is would 

ect the .20 photon yield quoted. could observe quenchi of the 

r2 lines (v'-43~v" progression). although the extent of quenching 

om 1 i ne to 1 i ne. One t more strongly quenched transi 

tions, transition close to the exciti 1ine (v'=43~v 

·dropped in height 0. x 10~9 which means that the I lines 

shou"ld have ue of • on the 3 x 1 0 

* sea 1 e. saw no IF lines in this region conclude th no 

1 aser enhancement, at t extent reported by Engelke et al. 

occurs. 

If the experimental itions used by Engelke et al. were 

uly single collision conditions, then it is conceivable ir 

results are same mechanism proposed to explain the resuHs 

Birks al. is. that F could be formed on the first 

* collision then react form IF in a second collision. Exciting 

the I molecules to the v',43 level the 8 increases the 2 
! f ?( 2 ) t h . . t• ( 28 ) numoer o 1 r

312 
a oms oug 1ssoc1a 1on 

which would then iiberate more F via I + F + F. It is the 

increase in F atoms that wou1d increase I production via 

I F + 2 

The sig 

* F + IF unless the 

detected by Eng ke et 

either beam through use of a 

ion F + I 2~IF + I was much 

• was not ly correlated to 

er. so the light observed could 

due to such background reactions. Although Engelke et al. reported no 

IF emission when a 90 percent t rrnally d·issociated I2 beam was 
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used,(ZS) it is possible that the 12 + 

produce su ic ie I/. Other routes 

2
F + F step could not 

I2F production are 

Using the following elementary reactions: 

k 1 
Iz + F2 ~ I + F 

k2 
* F + r2F ~ IF + IF 

k3 
I ~ IF + hv 

* IF IF + M 

k5 
* 1

2 
+ hv ~ Iz 

* 
k6 

T ~ Iz + hv 42 

* 
k7 

Iz + M ~ 21 + M 

* 
ka 

I2 7 M ~ I2 + M 

1 

2 

3 

4 

5 

6 

7 

8 
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kg 

I + F2 ~ IF + F 9 

klO 
F + I2 ~ IF + I 10 

and assuming steady s for I and F oms, we obtain 

* wh h is linear with respect to F2 and 12 concentrations. 

Another possib1ity is that product'! on I2F is enhanced by 

vibr iona1 excit ion of I?: 
'-

h\Jl 
* I2 "" 12 

* 
h\)2 

I,f, I ~ 2 2 

The overall dependence on and would be same. E lke 

al. vari di ance of excit ion 

beam to the collision to make sure that it was 

ing. They reasoned if I~ was responsible for the 

enhancement then the chemi 1 umi nescence would independent of the 

distance from the laser beam to the collision zone 
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responsible then chemiluminescence would rease. They did see a 

though it is 

* li of 12. c 
,)0 ~ 

as 1 a 

'it is 

decrease 

i bl e 

as would be expe 

I* was 2 

reacting under si le collision conditions, llowing the mechanism 

sugges account the chemiluminescence we saw, and 

shorter lifetime than Engelke et al. e cted; or the conditions may 

not si le collision and may low mechanism suggested for 

Birks et would then be due a decrease 

e in photomultiplier v ng area. 

F. Summary 

chemilumines ions 

have n studi using emiluminescence-laser fluorescence 

crossed molecular beam machine. The pressure dependence of the 

+ F2 reaction was measu and indicated the reaction is 

the result of a single collision the beam molecules, and that 

the light is emitted by the product dihalogen. IF. The collision 

energy depen for 1 three rea ions were measured and the 

thresholds for I2 + (4.2 k /mole) and ICl + F2 (5.9 kc 

mole) were nd to agree well th lds for F and CliF 

production. on these a, a anism chemiluminescent 

reaction was proposed. This mechanism invo'lves a two step 

ion of able ha and subsequent reaction of 

ihalogen th a fluorine atom produce an el ronically escited 



dihalogen. A threshold of 11.3 kcal/mole was found for + 

and, assum·ing the same mechanism is followed 9 this would also be the 

threshold BrzF formation ich has not been previously 

Laser enhancement of the 12 + F2 ion via electronic 

excit ion of I~ was attemoted. but no L ' , was seen. 
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T le I. Internal r gy ( k c a l I mo 1 e ) the Beam Gases 
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Table Ir.(B) Energy Levels oft V1 
_ 0 level of the Band A 

States of the Dihalogens. 

B~X A~X 

12 .0 ( 33. 7) 
IBr .0 35.1 

· IC l .4 39.0 
IF 54.2 44.6 

IBr .0 35.1 
Brt 45.2 39.5 
Br 1 47.8 
BrF 51.8 (49.3) 
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F·igure Captions 

Fig. 1. Molecular orbit correlation diagram for a c2v sit·ion 

four Cf~nter ion ~ 2IF. 

Fig. 2. ibut supersonic beam le veloci flux 

source~ output from ram FLUX. sea 1 e is in 

itrary units. The (X) se s t d a punched for 

i to UM, curve is a fit se nts. 

For ion on am 5. 

Fig. 3. 1e veloci flux di ion i ive 

source. also from program FLUX. 

Fig. 4. Sample nsion di ibution c culated from 

Fig. 5. 

Fig. 6. 

distributions such ciS in F·i 

CELL~. The points are 

s 2 and 3 using program 

ated by CELUM, 

rela ve velocity/collision ener Jacobian, the 

curves were drawn through the s clarity. The 

ility scale is normali to point maximum f 1 ux 

having a probability equal to 1.0. 

12 re luminescence. The 

signal sea is itrary units. ssure sc e is 

re chemiluminescence ine ma-in as 

measu by an ionization gauge. 

F2 pressure dependence the luminescence. The 

si l sc e is in units. The ssure, P( L 

is s sure 9 in rr) behi nozzle. 



Fig. 7. 

Fig. 8. 

Fig. 9. 
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Energy dependence near t hold for the re + c 
I 2 o 

(A) represent the d a po1nts, the curve is a fit to the data 

given by a= C(1-(3.4/E))' 5• The intensity scale is in 

arb -ltrary units. The collision energy scale is a cross 

ion weighted mean collision energy (see text). 

Energy dependence for the reaction of I2 + F2. The 

scales are determined in the same way as for Fi 7. 

nt t data points. 

Energy dependence near threshold for the ion IC1 + F2. 

(A) represent the data p s, the curve is a fit to the data 

given by a= C( (5.1/E))" 5. The sc es are calculated as 

for Figure 7. 

Fig. 10. Energy dependence for the reaction of Br + 
2 

The dots 

repr·esents the a points. curve is a fit to the data by 

a quadratic equation (see text). The intensity scale is in 

arbitrary units. the energy scale is describ in the text. 

Fig. 11. Schematic energy diagram for the reactions F2 + 12• ICl, 

Br2. The reactants are taken to be zero energy, the 

energy scale is in kc /mole. The ener levels for I/ 
CliF are from reference 5. (B) and (A) refer 

3 +, ( B ( n
0

; and A ) exci electronic ates. 

Fig. 12. Schematic of the mechanism proposed account the 

ation chemilumi bimolecular halogen~halogen 

reactions. The majority of f o 11 ow branch 1 

wherein a able trihal is an F atom leaves. 
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One out of a thousand collisions 

secondary, reactive encounter 

halogen results in formation 

ng electronically excited. 

11ows branch 2 where a 

F 

two 

with the tri 

ogens~ one 
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IF IF 

Figure l XBL 801-7857 
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* IV. A STUDY OF THE CH ILUMINESC 

A. Ir.troduct ion 

REACTION OF NO + D~ 
J 

The reaction NO with 03 to give N02 and o2 is of great 

signif ance in atmospheric chemistry(l) and although it been 

udied extensively, some f res of reaction are not well 

understood. The reaction is 49 kc /mole( 2) exoergic and has two 

pathways: 

* where the N02 
2s

1 
state. (3) 

is formed in the electronically excited 2B2 or 

Reaction 2 forms ground state N02 (2A1) which 

( 1) 

( 2) 

may be vibrationa11y excited. Chemiluminescence is seen in the 

spectral region of 4950~ into the infrared, (3 , 4 ) with bands at 6-7~ 

and 3.8~ identified as N02 (A1 )v1 and v3 fundamentals and a combina

tion band. Initial wo on the N02 vibrational emission suggested 

that the NO~ was not directly formed in ion 2 but resulted 

* (4) f5.6) from N0
2 

ax ion. Subsequent wo ' · su s that the 

NO~ is formed directly~ though the s data contain 

contradi ions. While is su i c i form electron~ 

al1y excited 02 in either 1a or + and either ate 
9 g 

would be symmetry alloweds evidence of their formation has not been 

found.(?) Both ions 1 and 2 are bimolecular and following 

rate constants have been i ved: ( 8) 



k '7 6 1 o11 
1 "' . x .~. e 

11 k2 = 4.3 X 10 

though a l r p 

rea 

80 ± 300 /RT cc 1 e sec 

0 ± 150/RT cc/mole sec 

S Orlt:!d onenti value for 

above v ues are , then the di 

iva t ion s ilar i 

can 

rea ions ng through a similar rea ion geometry on 

fferent al su ( 8) These rate cons mean th 

approximate 1 y of reactions form 2 N02( A1) while remaining 

or room (4) * for·m N0
2 

( 

Another approach to studying the r ion has been t 

selective vibrational excitation of either NO or o3(v3). The effect 

vibrational excit ion of NO NO*(v ~ 1) was studi in a flow 

tem using a CO laser to exci the magnetic ly tuned v 0 ~ v = 1 

ansition.( 9 ) NO has a yi excited spin~orbit 

s (2 ) ~1 n 312 121.1 em 

both are populated rocrn 

transition had be magnetic 
2 output 9 only the rr312 

excited. The vibrat 

4.7 as well as increasing 

have been published on the eff 

the ground (10) 
1 

a use 

coinc th 

ional transition could 

anc channel 1 by a 

N02 production. 

0 ~ V11 
"" 1) 

CO laser 

of 

papers 
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reaction rate with the final conclusion th v3 and v1 (through 

id ui1ibration) are the active modes enhance the 

chemiluminescent annel by a 

ancement was 22,( 3 ,ll~l4 ) 

Anot ect on the reaction 

and Menzinger(lS) who studied the 

arr ement. Initia11 Redpath 

luminescent branch NO + 03 
collision ener~l(l6 ) and found a 

or ile total reaction rate 

was fi suggested Redpath 

NO + o3 system in a beam-gas 

nz i nger udi the chemi~ 

reaction as a ion of 

hold of 3.00 kcal/mole 

for the reaction. Because analysis of resul om this 

eriment relied on calculated velocity distributions for the beams~ 

a second study was done using time-of-flight ocity analysis.(lS) 

first experiment used a supersonic beam of NOJH2 and varied the 

collision energy by changing the seeding ratio for NO, while the 

second experiment NO/H2 and NO/He and varied both seeding 

ratio and nozzle temperature; the were shot into an 03 filled 

scattering chamber in both studies. In this second study~ Redpath 

aL nd that. at same collision energy, the chemiluminescence 

signal was 4-5 times higher at high an 

the low temperature ( K). Fou sib 1 e to this 

effect were suggested: vibrational exc tion~ rotat nal excitation, 

2 2 (NO)x clusters and fine ure (NO n312 t n1 ) excit ion. 

The f'i po bil ities were di as uiring unreasonably 

large effects of such a population shi a(v = 1) ~ 150 cr(v = O) 

example. Possibili 3, though shown to increase the chemi 
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1 nescence in rea ·ion of NO + 0, ( ) could scarded 

ause it d ow a in iluminescence w increas i 

temperature. e final ibi'li N0( 2 
/2) a much 

hi cross ion ion an N0( 2n, ) ~ was ... 

as most 1"/k y. is initial ndi was o11 by more 

i ve work and anal s by h~ and 

i ngton ( 6) with same conclusions as same 

was us e at emission was 

measu as a ction lision energy over the ran of 

/roo le. In ana·l t ion was 

accounted complete rotation relaxation~ but no vibrational 

axation. was assumed for NO beams. ne ure 

temperature was treated as a vari a use may only partially 

relaxed. (18. Redp al. concluded that cross ion 

production by in~orbit ' NO( /2), 

was at le four as 1 as cross sect ion associ lf~ith 

NO( 1/2) • and NO( ) may be * exc·lusi y e N02 
? 

ion bran NO( '-n 
112

) to 

ion 1. an nee NO( 3/2) cross ion 

was obt n 

where E
0 

is the threshold energy and is to 3.0 imole. 

dependence of 12 (E) on energy becomes even t •4 in 

the highest of the energy range. 
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Because significant axation of the excited spin-orbit of 

NO occurs in a su nic ansion, (lB,l9) Redpath and Menzinger's 

conclusion is somewhat questionable. We therefore decided to study 

the NO+ 03 rea ion using an no axation 

of NO would occur. were three s to our experiment; 

fi ~ we used a supersonic NO beam and quasi ive o3 beam to 

determine the translat n energy depen of reaction over the 

range of 0 kc le. In second the su nic NO and 

quasi usive 03 configuration was in a low resolution 

spectnrn of emi ·1 umi nescence four collision energ s. 

Finally, we switc to an usive NO beam and supersonic o3 beam 

measure cherli 1 umi nescence as a function NO temperature. 

B. Experimental 

The reaction of NO + 03 was studi usi machine described 

in Chapter II. The 

chapter and only 

al setup is shown in Figures 1 and 2 of that 

if exper nta 1 ails evant to each 

part study will be discuss 

1) Supersonic NO + Quasi usive 03 v 

The NO supersonic source (ZO) consi of a 1/4 inch ameter 

ainless steel tube, with a 0.003 inch (. 008 em) diameter nozzle hole 

in the end, 

and 165"c. 

could 

heating 

maintained temperatures between c 
cooling were accomp"li ed (similar 

quasi-effusive source described in Ch II) via a block that 

c 1 amp ed on to nless steel tube and was connected to a liquid 

t 



nitrogen 

were insula 

i t'on-con stan tan ouple spot-wel the nozzle p. 

nozz 1e was re at a 0.023 i di 0. away. 

Pure NO as we l1 as ee seeded mixtures, NO/ 10 

NO/He and 1 rcent NO/He, were us were passed through a silica 

tr in a dt'Y remove N02 

ri ssure was 

monitored on a Wa11 iernan sure and 400 torr for 

s gases, 250 torr re NO, usi a vacuum u1ator. 

ive o3 source consi a th a 

0.0055 nch (.013 em) ho in the source ibed in 

Chapter IL The use z instead as the nozzle ial 

iminated dec~nposition problems. The nozzle was aligned using 

a meth similar to method desc bed al nozzle except 

the alignment screws on top no zz '1 e ~ ou t s i the 

machine~ r an vacuum. nozzle was h d in place~ 

0.19 2 inch f em) \ ' lision zone~ usi a hose cl 

hold a p of p 1 as tic ing tight on end (outs i of 

vacuum) such that end of plastic bu up nst 

Cajon fi hol di nozz nozz would have been 

su -into ine by vacuum plas c tubing in 

place. The ozone was run , no s gases were used. and k 

at its vapor pressure (about torr) off dry ice/isopropanol 

coo'l s i1 a g trap on wh-Jch was s r product,ion on 



a home-made ozonizer. hly filled trap was pump prior to use 

to re~ove excess o2. As the ozone was depleted from the trap. the 

03 pressure decreased. requiring the chemiluminescence signal to be 

corre ed this change, The ozone pressure was monitored using 

300 nm light from a high sure Hg lamp and the equation 

I g r = ~cr c l 
. 0 

. -3 ~l ~1 where 1 = 10 em, cr = 5.92 x 10 torr em • and c is the 

pressure of 03 in torr. The ozone pressure was checked before and 

after each series of counts at one NO temperature and was found to 

change approximately 0,1 torr every two counting series. The gas 

line was made entirely of glass for the 03 source. 

The pressure of the main chamber was approximately 5 x 10~5 torr 

with both beams running. ause 03 tended build up to quite a 

h·igh background in the main chamber, a was placed in the machine 

directly below the ozone source. The trap consisted of a cone 

directed the ozone nozzle to a as a tial wall, guiding 

most of the ozone beam a fluted sheet of 1ver (to decompose the 

ozone) had pass t ough rea ion zone, the tr 

had been installed, there were no further ozone background problems. 

The signal colle ion tern was the same as at descri in 

Chapter II for collecting tot reaction luminescence. An RCA 

C31034 photomultiplier was used; the signal was correlated with a 

chopper on the NO source. Counting mes were 100 sec with an average 

ten counts at each temperature. 
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The same proc ure was for each of the NO mixtures and 

re nescence 

ozone was r~asured as a function of NO nozzle 

25"C (the NO con ns a 1y 

both ozone and NO pressure. 

Time-of-flight analysis was performed on 

NO ures for 

ozone t ion ·ls own 

l i s ion distribution {c us i 

rea ion NO ~'IIi 

from s"c 

C) , The sign was 

ozone beam on e 

NO 

V) is 

in Figure 2. In addition. beams ~~re 9 using a 

ion.(17) mass for N02 impurities and (NO)x clus 

impurities were found no c1us rs were f 

with the source chopper" flux of NO was 

an ionization gauge. The chemiluminescence signal was corrected for 

NO pressure flu uations by noting chan in source tee ssure 

(approximately 5.6 x 10~5 torr). flux measurements indic 

the source ssure was accu • linear with 

number si and had su ic ·lent sensitivi be used for is 

purpose. 

2) Di ibut ion of NO + 03 ion 

The ctral di ibution i 1 umi nescence was measured 

using same -up as in part 1) with ition of a narrow s 

interference filter on photomultipl 

filters are made by Bausch and Lomb, have a 17~ 

h f maximum) with center wavelen 

s width (full wi h 

500. 550, 600, 650, 
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700, and 800 nm. A Corning 3~70 cut fil was used with the o. 
600 650 nm fi"! and a Corn i 3 fil was us w the 

nm fil to out short wave e h ndows in narrow 

pass fil rs. max transmissions f i 1 were between 

20 percent and percent. 

The i but ion ~Jas measu r 

10 rcent NO/He room .5 1e) 400"K 

(-6.2 al/mole)~ and 1 NO/He room temperature .5 

al/mole) 400"K (-8.6 /mole). by measuring the chemi"lumi~ 

nescence gnal and ing for both maximum filter transmission 

omultipl nse. 

3) Supersonic 03 + ive NO 

The supersonic 03 source consisted of a 1/4 inch di quartz 

The with a 0.0032 inch (.008 em) diameter ·1e in the 

nozzle was d to a brass block a of springs and a hose clamp, 

and the block, in turn, was the source This 

assembly held the nozz'le in ignme even g'lass tube was 

a 0.037 i rotated out axis. 

ameter skimmer 0.22 inch 

re. ozone was s in 

i 1 ica 

to ozone pressure moni 

is resulted in an ozone 

was rected 

was at room temper-~ 

( 1 000 rr ) by a 

achi 

a 

ing 

ed to the 

about 12 torr in nozzle. 

1000 torr He or approximately 1.2 ozone 

depletion occu very f in this confi ration so th the ozone 
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pressure to measured r every 600 sec count and 

ernil umi nescence signal corrected accord·ingly. 

i us i ve source scribed ·jn II was for the 

e usive soure. nozz temperature was e 136eK or 

K for this iment, so it was neces use 

radi ion ield to reduce background light. The nozzle was align 

as described in Chapter II, and at 0.200 ( . em) 

col Hs ion zone. nozzle was 0.015 ( Q em) di 

Only pure NO gas was used in this experime and it was through 

dry ice/isopropanol bath cool 1ica ge1 to remove N02. 

NO pressure was controlled using a leak valve and iments were run 

sures n 0.125 and 0.025 torr. was moni~ 

tor a r the leak valve using a thermocoup gage (NRC 

th NRC 801 gage) calibrated against a CVC Type GM·-100 Mcleod gage. 

The main chamber pressure was ~-] .4 x 10~5 th both beams 

running. ozone trap used in 1) vvas 1e machine,, 

though gas flow from the superson-ic source i main amber is 

was from the quasi 

collection system was the same as for 

supersonic source. An average 

each data point. 

usive source. The signal 

1); er ned on 

ten 600 sec counts lf.rere made 

For this experiment, luminescence was measu for a 

given NO pressure a high nozz temperature (400
9

K) then the 

nozzle was quickly cooled to 136DK and the si measured again. The 

rapid temperature was ign mini ze effe ozone 
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depletion (which wou.ld rease ratio and increase the 

collision energy) making cornparison of the hot and cold d simpler. 

This was lower and lower NO ssure until we were 

n that a truly e usive ( quasi us·lve) (i.eq 

unti 1 si was linear with respect to NO sure~ ich is not 

the case in the effusive~supersonic ansition ion). 

Time-of~f1ight velocity measureme s were made the ozone beam 

for di ozone i al pressures ozone depletion 

ects. The velocity distribution the NO beam was not measured 

a use was an effusive beam and could adequately described by a 

Maxwell-Boltzmann distribution for each temperature, The collision 

energy di ibutions the hot and cold NO beams~ cross with the 

various ozone beams, are shown cin Figures 3 and 4. The difference 

between the collision energy di ibutions for different ozone 

sures is shown~ ect this di wi 11 discussed 

1 ater. 

c. ResuHs and lysis 

1) nic NO + ive 03 

pu in this experiment 

was obtain an ression ion 1 cross ion as a 

function co 11 is ion While two in nal degrees of 

freedom NO relax signif antly in supersonic expansion, the 

mininum equilibrium ratures they could reach are equal to the 

translational ures the beams.( 2l) The slational 
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temperature can be c culated from the Mach number, as scribed in 

III ich iS 9 in turn~ calcul 

velocity data by am KELVIN. ( The collision energy was 

eel in is experiment by ng 

temperature the NO beam. In ging ther io or 

the noz;z:'le temperature. na1 beam ans 1 is 

changed and so the internal energy is Therefore, while 

i ally we ange only the collision n ce we so 

change the internal energy. Using the Mach numbers from program 

KELVIN, temperatures of NO beams were c cu1 and, from 

• the i 1 energies were c culated. The temperatures~ 

vi ·iona1, ional and sp·in~orb it energies t NO are 

own in Table I and were calcul under the assumption the 

tion and spin~orbit temperatures are the same as the ansla~ 

onal temperature~ that no vibr iona1 ion occurs. The 

biggest change is in the vibrational degree of freedom where the 

energy increases from 0 to 0.07 al/mole. Unless there is a 

stronger dependence on the in n energy than on transl 

(somethi wh h has yet to be descri \ 

) ' sma 11 

increases in intern ene ould have no e on our collision 

data. 

The data for each ing ratio was using same 

edure bed in III. g as p a i r , a r e 1 at i v e 

velocity distribution was calculated from the beam velocity distri~ 

t ions~ tak i angular spr of t beams into account, using 
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program UM (see Chapter V). Using program LUMFIT (Chapter V), the 

relat·ive ve i distribution is us in conjunction with a func-

onal form of the reaction cross ion, o(E)~ to calcul the 

signal e imenta1 c cula signal is 

with experimental data and the cross ion parameters 

varied until an accept le f is ma final cross se ion 

function is used to cal a cross ion weighted mean 1 i on 

energy for each nozzle temper 

h 

cross ion 

pure NO + 03 and 24 

a(E) "' C( 

NO/Ar + data, a 
I; 

/E))•v was 

This cross ion form is deri from scattering theory( and is 

u ul near reaction threshold. 9 plotted ver·sus cross 

section weighted mean collision energy, is in Figures 5 and 6 

for 100 rcent NO and 24 percent NO/Ar, respe vely. The data for 

both gas p rs con ns rea ion hold though the d 

occurs hi temperature 24 NO/Ar and at low temperature 

for 100 NO. The threshold collision energy i ned both 

s s was approx y same: 2.0 

NO/Ar and 2.2 /mole 100 percent NO. in Ch is 

c cul ion consi co 11 is ion 

energy. internal , as insi Hicant 

unless is roore e ve an translat ener data 

shown presumes that the amount internal is, in 

negligible. 
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For the case of pure NO + o3, the calculated signal curve 

un restimates the higher energy data by a large amount. As wi 11 be 

seen for the other two seeded mixtures, the dependence of the cross 

section on the collision energy goes up ically as the collision 

increases. This effect was also seen by Redpath a.·l. (6 ) 

is due, least in part. to the reaction becoming less ific 

about either the form of energy input (e.g •• v·ibrational vs. a~ 

tional)~ or rred physical as a1 energy input 

increases.( 6• The quantum iency photomultiplier 

varies with wavelength and could also have an effect on the apparent 

cross section collision energy dependence. As will be seen , the 

~niluminescence ctrum shifts to the blue (where the quantum 

iciency is higher) the collision energy increases. This would 

make the cross section appear higher higher energies than it really 

is. The ra1 shift is actually quite small, however, and so 

should not have much effect. 

data for 10 percent NO/He and 1 

in Figures 7 and 8 9 respe ve1y. 

lowing functional form of the cross 

cr(E) = C n 

NO/He + 03 is shown 

se two gas p rs. the 

ion was used: 

This cross section 9 unlike the threshold cross ion, was not 

derived from scattering theory. The 10 percent NO/He data was fit by 
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cr(E) "' C 
1.70 

and the 1 percent NO/He a was fit 

o(E) ~ C 1. 

the calli on energy increases, n increases (because of 

increase in reactive collisions due ease in rea ion 

if as mentioned and increases (which is an 

arti ct in the an is~ de pen 

apol ion back to a ~ 0 come appear 

of o on E makes the 

be at a higher ET). 

ain~ the internal energy is small in value 

neglib1e. 

assumed to be 

2) 

The 

ral Di i but ion the NO + 03 Reaction 

al distribution of reaction 1 

measured at four co1li on energies: 4.5 

iluminescence was 

6.2 kcal/mole using 

10 percent NO/He, and 6.5 and 8.6 kc /mo using 1 rcent NO/He. 

collision 

according 

U~1. raw 

ies are 

collision ener di 

a was norma 1 i 

mo le energies 

ibut ns c culat using 

th to NO and ozone 

ssure, corrected for the re l a ve ansmi ss ion f i 1 

used (including the fi l as wen as tum 

e i c ien tiplier tube (wh most 

linearly, from .18 450 nm 800 nm). The rest of 

ics in the collection 

the spect 

Figure 9. 

ran 

a flat transmission curve over 

a9 in its final , is shown in 
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One that was not accounted for is vari ion 1 . 
'1 

over ctr r physic volume vi 

photomul plier is limited in ze~ so a 

1 1 iv liv 

the v ng area before emi ing, 

vi are 0.092 em x 0. em x 0. 

p1ier axis)~ and a mo1ecu1e i 1 X 

across 0. em in 2.7 llsec. 1 

in excited ic 

known a great deal 9 w values 

spect ran 3980-6000~. ( ~ 26 ) 1 i 

w increasi excitation wavelength. 

1 ifet ime range~ would nly an 

will of 

mens wns 

em (a 1 

em/sec would 

vi t 

N02 are 

55~90 'IJsec measured for 

ime nded to increase 

ia1 

ect 

in is 

1 . ,, 
variation over the ctral r , we cannot identify which ansi~ 

tions were observed and cannot. 

Qual tiv Y~ ' we know ime increases w h 

increasing wavelength~ and so fraction 

decrease re l ve to sho wave gth a. p 

ime 

ti~ 

s 

s 

on the long wavelength side 1d higher on 

intensity scale, any est eir true it would j 

a guess. 

3) Supersonic 03 + Effusive NO 

purpose of this part exper was ne wh 

ect changing internal energy of NO would have on the ion 1 

chemiluminescence, in ener of NO was ch by ng 
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us i ve NO source, heati the source also changes the number 

ns i ty and ve loci the gas. To sure that any signal increase 

we see is ly due NO internal • the hot and cold NO data 

must norma 1 i same number of N0.-03 coll i ons second 

increased collision energy effe accounted 

The number of NO O~ collisions occurring per second is given 
.) 

by 

where the N are the number density of the gases, in interaction 

zone that have velocities corresponding to vR, vR is the relative 

NO- o3 velocity. V is the interaction volume and a is the collision 

cross section. If we assume that the collision cross section does not 

change with collision energy (the ion cross ion does change 

wi col1is·ion energy, but is wi 11 ace ounted 1a ). then the 

ratio of the number of NO - 03 
cold NO over hot NO is ven 

1isions second occurring for 

is o was cul from from program UX (ZZ) 

using a mod if ion amC v). flux 

NO or 03 velocity was converted to a number density and normalized 

to unit area under the ve ity distribut p The mod if i 
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program CELUM then summed up the values of NN 0N0 "lrl an increment 
3 

6VR about each vR and summed up tot NN 0N0 vR over all 
3 

values of vR for the hot and cold NO beam crossed with both 

0.6 and 1.2 percent o3tHe. The ratio~ 

uses normali NO niJTlber ities. so in the number 

nsi in the collision zone with temperature must ill accounted 

for. The number density in collision zone is given by I(e,r)/v ~ 

nAcose/4nr2 where n is number density in the nozzle. A is the 

area nozz 1e and e and r are angle and ance from the 

nozzle at which the number ity is being measured. ( Because 

A,e and r can be assumed to be the same, the change in number ns ity 

at the collision zone due to cooling the NO is given by 

~ or 

an gas. final 

increase in collisions is 

0.6 percent O.,f 
.) 

or in accoun ng the 
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The data was at NO nozzle temperatures, l36DK and 400°K, 

as measu by a thermocouple on nozzle p. The ssure was 

measu by a c ibrated (see tion B) 
·' 

thermocouple pressure gau 

in NO gas line, as crib earl was normalized to 

an 03 pressure of 10 torr using a simple io (the accompanyi 

change in velocity is accounted for later). Table II 

NO nozzle temperature, NO and res, 

the (norma 1 i zed 03 sure 

co 11 is ion uen cy) and ratio of the hot to cold NO The 

ratio is plotted versus the cold NO pressure in Figure 10. The 

points ow a lot of ' especially the two points corresponding 

to an NO pressure of 0.0255 and 0.0275 torr. If a ght line is 

drawn through the less sc ed high pressure data and the average of 

the -0.026 torr pressure points, an intercept of 8.3 ~ 1.1, corres~ 

pending to zero NO pressure 9 is obt ned. The corre ratio is 

c rly open to debate, although a value of 8.3 ~ 1.1 will be taken as 

corre use in the subsequent discussion. 

The ratio of 8.3 ~ 1.1 corresponds to signa"! measured at high 

temperature divi by the sign l CM temper re, of which 

are luenced by collision energy, vi iona1 energy and possibly 

t iona1 electronic energy as we 11. the contributions from 

di erent ene are assumed be separable, then 

signal is proportional to 
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xn 
m to mole ion molecules vi cross 

. n 
1on o for m of m 

may have very di energy dependences. If the in energy 

cross ion sums are as one sum~ z 

the takes the form 

K)) ) 

is can be simplified to unknown vari cul ing what 

e ct the change in collision energy has on io. Looki back 

Figures 3 and 4. the collision energy di both the 

and cold NO 1ie in the region ima 3.0 ~ 8.0 

/mo 1 e. y, is not possible n a reasonab'ly 

accurate quantitative estimate of how much the collision energy 

contributed the signal the two nozzle temperatures. Wh'ile 

data from 1 gives us the collision de nee the cross 

section, it does not provide us th an absol ue. An absolute 

\1 ue could be estimated. as was done in Chapter III. but the 

li ime of emitting species var s 1i and is r ly we 1'l 

known. A cross se ion es d very iable 

use estimates emi hne, beam fluxes 

1 and beam fluxes part 3 wou1d re t in a 1 compounded 

error. Therefore, ins trying ute ue for 

co 11 is ion contribution, function the co 11 is ion 

energy dependence wi11 be to a value for fl n "" ST 

(400°K)/ST( K), This p of the collision ran is 
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scribed by the equation used to fit the 10 percent NO/He data 

earlier, cro: ~1)1. 70 , in the range 4.0 6.5 kcal/mole 

though as noted before, the cross se ion dependence changes with 

colli on energy. Using the rel ·ive ocity distribution output by 

CELUM. a signal was calculated: 

1. 70 dv 

F(v) is di i but ion of ive velocities the pair~ 

norma 1 i zed un area. The e ssion in integral sign is then 

summed over the i ve ocity distribution for both the hot and 

old NO bemns. This summation was carri out rel ve 

veloci distributions the two extremes of the ozone seeding ratio, 

1.2 and 0.6 rcent. The signals and the ratio, n, obtained by this 

calculation are given below: 

Signal (arbitrary units) 

Seeding ratio N0(400"K) rW( 136" K) n 

0.6 percent LOB .04 1.74 

1.2 pe 

The equation for the 

K)(l + S (1 
I 

1 • 95 97.52 1. 

a is then ~imp1ified to: 

K))) 
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n "'L86, the average for the two seeding ratio extremes. is 

es to: 

4. ;;1: .59 = 
(1 + s

1
( @K)) 

(1 + S
1

(136"K)) 

ardless the different forms of i the 

ion~ the 

ssion can now be written as (simpli ion~ 

so that 3.46/{m ~ 4.46) = s1• This is an lute value 

indic wh m wou 1 d have the limits 

infi , m approaches 4.46 while as s1 
gets smaller, m gets larger. The small 

4.46 * 
value for m is therefore~ 

The minimum signal io of 4.46 * .59 is t to the increase 

in internal ener and so 
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If, again assuming the signal from the various modes is completely 

separable, Sv can be se 

the ratio 

out, and bounds can be obtained for 

(SR( K) + SE(400"K)) 
~--·~-

(SR(l360K) + ( (136"K)) 

u ng Nv e 094.0v/. mole fr ion of NO in v "" 1 

state, is c culated to 

1. x 10~3 T "" 400" K. Coup'l i ng x1 and X
0 

th the cross 

section ratio o(v = 1) ~ 4.7a(v- 0),( 9) a value 1.009 is 

ai ned the 

equation: 

Using limits on the ratio same bou of 

4.46 '* . and i i nity p are obt ned. 

• assumi SR = o. we can see wh this minimum io of 

4. requires for "K)/SE( "K). et a.,. (6) 

suggested that 0 ~ a1 I 12 ~ .25 cross sections of the 

"" 
.1/. two NO spin orbit s. 

values of 0. 136"K and 0.39 at 400"K are obtained for the mole 

fraction of N0( 2n312 ). These mole fractions and cross section 
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ratios give a signal r io of ween L (ol/2/ 0 3/2 • 25) and 

1. (ol/2 ~ 0)~ which does not th minimum io 

4.46 ::1: 0 

Finally, assumi "" o. we can see iona l cross 

se ion must account r is rat 4.46. e 

ures, there ·is a ndous in rot iona l vel 

ion ng find a cross se ·ion 

nee would rly 1 i c A 

t contribution to sign is would 

nee to ' with oJ/cro ios ! ire ibution. 

To a first, and aanitted1y rough, approximat , the rota~ 

ona1 ene at two temperatures can be 

(2J + l)e .7046J (J + 1)/.695T th • 1.7046J(J + l)cm 

average rotat al energies of 0.269 kcal/mole at 136aK 

0.793 kc /mole 400~K are obtained. i SR=( 
,n an J 9 

n ~ 1.4 is uir to produce this kind a signal ratio. 

The above discussion assumes that signal can be into 

signal various modes of is is ai n1y 

not rigorously cone ion can our data 

in any c in nal energy NO has a ceab le ct on 

chemiluminescence 1. ause 

constant ozone beam. in na 1 butions om ozone 

were not considered. More wi11 be said about ozone interna1 energy in 

the next section. 



D. Discussion 

nt in introduction to is 

chapter, INOrk on NO + 03 by two other n reported.( 28 •29 ) 

In one (28 ) the ansl and i energy s are 

separated through the use a ve i ty selector on the NO beam. In 

that way. the calli on energy can 

t~nperature conditions and. convers 

changed while mai ni cons t 

covered only high collision energ 

cross ion 1i on energy de 

i 

1 is ion 

under ic beam 

temperature may be 

is study 

.8 a1/mole) where a 

cr~(E) 3 • was found 

with some leveling o in emil nescence occurring .6 

kc /mole. A rea ·ion thr d of 2. al/molewas ned and 

enhancement of the ch~iluminescence signal with increasing internal 

increases in rotat nal~ vi 

enh anceme is assumed to 

energy then 2 found a ( n1 

very good agreement 

e 

us sing of a su nic NO 

be 

focussing of low t nal 

ion or e ctronic energy. 

due solely to the chan in ronic 

.27. This is in 

n al. ( di i ween 

es of in n ener Usi magnet·ic 

beam, the popul ion /2 could 

~ but was so a i a l 

el NO molecules. At 6.5 kcal/mo 

collision energy, virtually no ect was seen when the focussing 

magnet was on. The cone ·1 us ion from is study was at enhance~ 

ment upon ting t NO was to ional effects, not 
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el ron ic. a in is wi 11 in 

c ocnpa rison w the resul re s 6~ to see if our 

results can provide evidence in support of ther rot ional or 

electronic e ancement. 

was mentioned in the previous section. we observed a 

emil umi ion co 11 is ion energy t d of 

2.1 al/mole. is hold has so 

aL (6) lte et a1.9 ( ) who values 3.2 and 

3 0 /mo vely. though is good agreement between 

their values~ we ieve our ue is more ace (a 1 a 

possible problem is ment discuss e usive 

NO + results). Stol ~ s was on1y hi 

collision energies (9.2 - 36.8 kcal/mole) the t sh d de term~ 

ination is the result of a fit high In fi ing 

our high energy a, we used a~(E/ET )
11 and obtained 

"thre old" energies of 3.95 for 10 NO/He data and 4.30 

for the 1 NO/He In her words, d'' energy 

anges with is much higher an what we found near t 

lision energy. Therefore, 

high such as 

degree of uncertainty associ 

Redpath 

the ion threshold~ so the 

on 

's would 

with it. 

r t 

ue should 

ion threshold 

have a large 

d v a 1 ue om 

rly ace 

believe that the difference between th r results and ours is in 

the data itself in a analysis. though ath determi 
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2 the energy dependence of the NO( n312 ) state cross section and our 

results are for the NO( 112 ) (see Table I~ Section C)~ there 

should be no discrepancy here ause Redpath assumed that the forms 

of 12 and o112 were the same except a mu1 plicative factor. 

The difference co~es in ct Redpath fit the data to a cross 

n was found to be section function of the form ((E/ET) 

2.4 9 while we f our threshold a cross section form 

e to our hold 

data wi a functional form like Redpath's and the threshold comes 

out higher (2.5 kcal/mole). The function we used is ived from 

scattering theory and so has physical significance. ( We feel 

that this function will be more sensitive in the energy region near 

threshold and therefore give a more accurate threshold value. 

part of finding the cross section energy dependence, Redpath 

found the electronic temperature 9 to given by + 

40°K for the H2 seeded NO beams, where Ts is the translational 

temperature of the This was obt ned by assuming increase 

in NO( 2 ) population to solely responsible for the chemi-

luminescence enhancement and varying Tfs' as well as 

ratio. until the data was fit. Redp h 

to seed NO beams { though 

on 1y). and d that is higher for 

This conclusion is based on a data fi 

al. both He and H 2 

s is given for NO/H2 

ile is lower. 

edure whi r ies on a 

debatable assumption, but it is supported to a certain extent by 

independent work. McClelland al, ( 30) obtained the vibrational 



and rotational 

var 1uent 

was bas ica11y same 

\i b (He). is . 
10) 

Ll 

about a K 

use is 

difference in 1 i on 

120 

ures a seeded su 

s~ includi and 

and H2 but Tvib 

em while is 

nic 12 beam for a 

Trot 

rou ly half 

em 

9 as a measure relaxation 

is 1 enough to 

and It is 

in expl 

did 

q a t for r He ~ so we c 11 sure if 

this is corr If temperature difference s ex i , then 

if our beam had been would be very 

1 itt difference in E -.04 kcal t'mole in E and rot• ·s-o• 

.02 kcal/mole in i b. Unless was an incredibly strong 

de pen on internal energy as c ansl 

this would make up the 1 al/mo.le di erence in thresholds. The 

internal energy present in our may collision 

d by -.1 kc /rr.ole, 

is more a ancy between our hi co 11 is ion 

results and h 1 S. We can, n~ exclude et al.'s results 

OITI this discuss a use was in an even hi c l i ~ 

on ran and the cross de with 

colli on energy. IS cross ion as .75 ich 

support the idea of a st but changing cross sect ·ion energy 
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dependence. Our data was 

kcal/mo1e and cr "' c(t3o 
Redpath 1 s was fit cr ~ 

fit to a = C(~. 95 - 1)1· 70 for 4.0 ~ E ~ 6.5 

)1· 95 for 4.5 ~ E ~ 9.0 kcal/mole while 

C(E )2.4 3.5 < E < 6.0 kcal/mole. :r:n 
Redpath's cross ion was derived a nozzle tempera~ 

ture 28loK~ assuming the emiluminescence is due solely to 

collision 

energy 1 10 al/mole~ rose from 30 to "K (Figure 3, 

reference 6). though ues for seem high may 

·indica a poor expansion, internal energy will have anged 

signif antly over this collision energy Although Redpath 

et . discounts any effect tional energy, it is possible that 

part of the exponent in Redpath•s cross section has to account for 

signal due to this rotational energy increase. It is not clear 

whet this fu11y accounts for the difference in cross section 

fun ions in the high collision energy range. 

The more important question is: how does our data on the internal 

temperature effe compare with the data of other three groups 

Our data indicates that an increase in rotational and ectronic 

in at 1 4. :!:: • 59 times 

as much chemi 1 nescence. In last ion we showed that this 

increase was not compatible with Redpath 1 s claim that 

was so mentioned in the previous se ion. if the 

rot ional energy is solely responsible 

nescence then the cross se ion would 

to account for this io. where E t is 
' Y'O 

increase in chemilumi~ 

to increase as E1.4t 
ro 

average rotational 
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energy in NO rson aL \ nd ir a 

was consi nt, t with as /2 
ate is much more i ve 2 

an r resul with i on exc ion 

was responsible for the chemiluminescence increase and nd th , for 

is be case, cross ion would as n 

n and n ~ 1.8 ~ 2.5, 

is some n in r 

temperature. They did not n a cross ion on 

J. ey have performed the same an ys is on 's d found 

that the increase in luminescence could lai 

the ·increase in tion~ ener ~Y n. 1.5 2.5. t 

hand 9 Stolte and Van E nd a.n increase of 1.5 ·in 

emil uminescence an internal 100" K to 

300"K. This temperature chan a rot io 

ange by a of 3.02~ which would uire n = .4 to produce the 

rved io. This increase in nescence can exp 1 ned, 

ver~ by an increase in N0( 2 
1,) f ..... 

usi /2 "" • 27 !2 ~ 

is in w R 

It seems ion in results th 

ath claimi enhanc due ele ic 

exc it ion ile Anderson 1 s and our results indic iona 1 

exc t ion. This ion can expl n by a more ul 

look at Redp 1 S results. are two 1 ems with the a 

sent in 6: res given in 
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Figure 3 seem high and calculation of the cross section ratio, n, 

does not seem to agree with Figure 6. Because it is not clear why 

is so high, it is not clear what effect this has on the data. 

without un 1 i 1 y T s given. chemiluminescence data shown 

in Figure 6 of reference 6 is consi with the enhancement being 

due to rot ional excit ion (as suggested by Andersen et al.) but not 

with the cr312 ta 112 ratio given. At 8 kcal/mo1e, the NO/H2 

am. rat sign the high nozzle temperature that 

the low nozzle temperature is approximately four, as seen from 

Figure 6. According to Tfs • T
5 

+ 40•K (T
5

, the translational tempera

ture of the beam. is given in Fig. 4 of reference 6.), x312 (573°K) = .41, 

x112 (573@K) =.59 while x312 (281°K) = .29 and x112 (28l°K) = .71. 

Using the same equation as was used to analyze our results and 

assuming Srot = o. 

th n = .25 and 1.41 

with n ""' 0. is does not with the value 4 from F·igure 6. 

So. it would seem that Anderson's, Redpath's and our data are all con-

sistent with 

the cross 

enhancement being due to rotational exci tion with 

n ion going as E , where 1.0 ~ n ~ 2.5 and not 

electronic excitation. Stol 's results would then ·indicate, as 



exp 
( 24) at the rea ion omes mu 1ess ene mode 

if ic as collision energy increases 

A couple more comments ould made results obtained 

in usive NO + 03 et'iment. First 9 wl'lile our results are 

not consi with i is su esUon 1/2 st is 

zero to one r as rea i ve as the 2 
n 3/2 9 

a 

·electronic energy c rul is b that 

increase in chemiluminescence is increase in 

ulat no way 11 i orn our e iment. second 

ou1 d if ational 

cause (either wholly or in 

then ion a 11 y exc i ozone should have same is 

su s further exper tion so a flaw in 

work nted here. As was mentio end previous 

se ion. in n ener of ozone 

ant for the effusive N~ supersonic ozone er nt and so was not 

t en into account. In aini co 11 is ion ener de nee 

using su nic NO, usive 

1 ikewi se, did not 

ould some XC i 

ou1 d be 1itt beam. is could ge 

oor co l1 is ion energy j how i not 

c r. It would certai ting to NO + 

experiment using a variab temperature ozone source to test 

th rot ion a l ene is <important the an 1 
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Finally, the spectra we obtained (Figure 9) are consistent with 

previously published spectra,{ 2 ~ 3 • 6 • 8 ) although comparisons are 

di fficu1t make. Our data was obtained for collision energies of 

approximately 4~ 6 and 9 al/mole. while the spectra of references 2, 

3 and B were taken at thermal energies. The spe were taken at 

higher colli on energies in reference 6, but only extend to 600 nm 

whereas the peaks in our are to the r of that. § while the 

behavior the spectra is wh is expected (a shift to the blue with 

increasing collision energy. also observed in reference 6), little 

more can be said from this data. 

E. Summary 

* The chemi1uminescent reaction of NO+ 03 ~ N02 + 02 was 

studied using the crossed beam technique. In the first part of the 

experiment, the collision energy dependence of the chemiluminescence 

was measured using a supersonic NO beam and quasi~effusive o3 beam. 

The cross section was found to have a threshold energy of 2.1 kcal/ 

mole and an energy pendence that increases with co11ision energy 

over range studied {2. .0 al/mole). A low resolution ctrum 

was recorded at four collision energ s the was observed 

shifting to the blue as the collision energy was increased. The nal 

part the experiment was performed using an usive NO beam and 

supersonic ozone am. The chemi 'J uminescence was measured two NO 

beam temperatures. 
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The signal increased with increasing NO ure and the ratio 

the signals the two could reduced to one by 

accoun ng for t signal increase due 

co11 i on and NO vibrational 

i collision 

a1.(6) 

ibuted this ect to the increased N0( 2n
312

) population at 

higher temperatures~ but our signal ratio still cannot 

one using their claim that o( 2n112 )/a( 2n312 ) = 0~.25. If effect 

is due solely to increased ion 

our results. the reaction cross ion would have to 1 4 
as Erot 

is average ional experiment c 

fferentiate between the e cts of rotation i n-·orb it 

excitation and indicates the need further ·iments. If NO 

rot ional excitation is important, rotational excit ion of 03 
should have the same eff An experiment ting the of 

tional energy could help solve the problem. 

1 ai n 
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e I , 1 a and 0 a ratio usive + ic 

Raw uata 
uure !-'res sure re 1 

(torr) {torr ( s ) 

'" ___ ,__., 

'1 7.8 12 .3 :!: 4 5 
135 . 8.6 3.3 * 7.1 6. * 2 

4 . .8 * .9 .8 * . 
1 . .0 .9 ± 5.6 .4 ± 5.3 7.2 * .5 

. 1 .2 293.6 ± 6.3 .9 * 9.2 
1 . .2 .8 ± 8.1 .3 ± 7.2 6. 9 :!:: .3 

•-' 

. 8.2 5.8 ± .5 .8 * .2 
135 . 8 7 .4 ± 5.6 .8 ± 6.4 7.6 ±: .7 

. 9 0 .8 * 9.9 .2 ± 
9.6 .2 ± 3.7 .9 ± 3.9 8. 7 ± L6 

. L2 2 ± 6.1 1 .5 ± 8.4 
1 . 9.0 .8 ± 3.5 .1 ± 3.9 7.2 ± L2 

. 0 9.1 3.2 ± 7.2 ~4 
1 . .0 .8 ± 5.0 .1 ± 3.6 

* ~ in a pair, 1 son d NU aata. 

1 is ion n .2 
~ (see 

I' ' !! (' 

) . 0.6 is . 

---------~-----~--
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Figure Captions 

Fig. 1. Sample velocity flux distribution for the quasi usive 

ozone beam~ output from program FLUX. The intensity sca·le is 

in arbitrary units. The (X) represents data punched for 

input program C ELUM. the curve is a f points. 

further information on program UX 9 see reference 22. 

Fig. 2. Samp collision energy di 

velocity spectrum and the di 

tion c cul ed om the NO 

ibution shown in Figure 1 

are those calculated by us i program C ELUM. The p 

UM~ the curves were drawn for clarity. The intensity 

scale is normalized to maximum flux having unit probability. 

Fig. 3. Colli on energy distribution for 

Fig. 4. 

supersonic ozone calculated using CELUM. The dots are the 

distribution for 0.6 percent 03/He and the crosses are for 

1.2 percent 03/He. The curves through the points are for 

clarity. The distribution was c culated assuming a 

Max~ll~Boltzmann velocity distribution NO. 

llision energy di ibution for v e N 0 ( 136" K ) and 

supersonic ozone. The dots are. as for Figure 3, for 

crosses 1.2 percent O~!He. 
.) 

This calculation also assumed a Maxwell-Boltzmann velocity 

distribution NO. 

* Fig. 5. Energy dependence of NO + 03 ~ N02 + 02 near 

threshold for 100 percent NO (supersonic). The dots are the 

data points, the curve is a fit to the data given by 
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a= C(l - (2.2/E))" 5. The i ity scale is in arbitrary 

units while collision ener scale is a cross section 

weighted mean colli on 

Fig. 6. Energy nee NO + 03 ~ + near 

t /Ar. curve , .. ~ '"' a fit to e 

nts given (J ~" C(l (2.0/E))· 5. sc es are 

in as Fi e 5. 

* Fig. 7. + ~ N02 + 

10 NO/He. curve is a f given by 

0 "' C((E/3. , l \L 70 
} -- J • sc es are ned in 

same as Figure 5. 

Fig. 8. rgy dependence NO + ~ + 

1 rcent NO/He. curve is a f the given by 

(J "' C((E/4.30) )1.90. scales are determi in 

same as Figure 5. 

Fig. 9. Spectral distribution of luminescence from 

for four ies. 

1 two collision ene 6.2 /mole) were 

measured using 10 percent NO/ highest two using 

1 percent NO/He. The d poi s are norm ized a maximum 

i ns i 1.0 for each calli on curves are 

drawn for clarity o y. 

Fig. 10. Ratio the si N0(400"K) + 0
3 signal for 

NO( K) + 03 as a ion NO ssure. The ssure 

axis. in torr~ is the ssure NO 136"K. 
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points have been normalized to account for the change in the 

NO~ o3 collision quency in going from 400°K to 136°K. 

The value of the ratio zero NO pressure is 8.3 ± 1.1 as 

determined by the intercept of the ght lines drawn 

visually (i.e. 9 not a 1 

points. 

squares fit) through the data 
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V. COMPUTER PROGRAMS FOR ANALYSIS OF SUPERSONIC BEAM~ 

A. Introdu ion 

Wh i 1 e a number 

other members 

SI BEAM R VE I 

a anal 

is research 

s programs 

P~ 0~2) 

laser fluorescence machine is unique not only in the 

recorded ( vs. angular i ions)~ 

wri by 

d a 

so in 

sources us bearn sources can 

taken to ine in 

analysis velocity i but ion ma i 1 umi nescence 

machine does +. ,., 1i c 

VIN(l) and ux(l) are 1 i 

data into parameters cribing beam (e.g ~ beam 

temperature) and converting number densi versus veloc into a flux 

di ibution~ 

sources as well as ot ty cernes in 

obt n an a ion velocity 

angular are neg 1 i g i e. is em was 

solv in tll\!0 s arne conve flux t 

i a ux ion as a ion 

rela ve ve ity source p rs. 

distribution CELUM and~ using a suit e cross ion 

dependence, in fi nts. result is a 

dec on v o l u t i on a as a ct ion of nozzle a 

as a function a cross section wei mean colclision 



lt should noted that these programs are meant to fit total 

e~iluminescence data~ a stribution of data. While 

each sition could be f ion as a function of 

a c son ansi t d to consi variat·ions 

in 1 i ime the exc ts as well. LUMF should in-

c lude a correct ion increased ve ity of the produ s ( resul ng 

in a in ion of light collected} wi increased col~ 

lis ion ener was a c reasons. a use 

we are emi1uminescence instead a spectrum, we 

have no way knowing how ctrum ch w collision 

energy. le s in a single ectronic transition. there 

ou1d be little ange in li ime with vibrational 1. In the 

two rea ions reported here~ NO + 03 and halogen~hal 9 we are not 

dealing with st le~ single electronic state transitions but highly 

levels N00 in the first case and possibly pre~ 
t:.. 

dissociating els or two transitions (B ~ X and A ~ X) in the second 

case. There should a ligible effect on our d results 

because a ve narrow energy r is in t shold 

determinations. 

The charli 1 umi ne aser fluorescence ine has two beam 

sources, both with fairly br angular widths one with a broad 

velocity distribution as welL In th"iS case, therefore, neither 

velocity ead nor angular can be lected in determining a 



collision energy di ion. In h ions 

sse tion rea ion cross se ion has a ve 

on lision so high energy 

sources 

outp 

ames 

from Program 

arne 

ux(l) and first 

fun ion rela ve ve1oci punch 

, LUMFIT ~ 

input 

k of cards on 

FLUX input 

s i fit 

consi s 

ich is punc 

CELUM~ ~ is 

th the first flux ue~ amount 

successive flux v ue~ as we11 as 

er 

ich there are flux ues. is data is 

sources~ is printed out by CELUM to c 

in. ses for 1 and 2 are 

calcul om these. The reduc mass is 

it 

nux 

ve 

k 

in and 

req r 

scus in is 

ive 

t 

a ux as a 

i 

ues. 

i 

a sec 

is increme 

ve loc 'it ies 

h 

mass9 

in c culating 

G, 

rel ive velocity from i ve veloc ·it ies, ause 

a.re so broad tiany, co 1l i ion 

and molec ar H sions are in 

(in s) so an a us can be rna in ve ve 

1isions occur ang 5 her t ina11 

co 11 is ion a flux ould c: c 

ocities h in ion9 

co 11 is ion les to used w in the full ular width and the 

number flux nts ou ut t are in. 
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The first major calculation in CELUM is the interpolation of the 

UX output. a use number beam velocities desired may differ 

frQ~ the number input by FLUX 9 the flux each of the desired 

velocities is interpolated from the FLUX then converted to a 

number density. Next, using the equ ion 

the ive velocity is calcul from each p r of beam velocities 

and the flux associ wi that velocity 

Vrelative F(e) ( 2) 

is calculated where F(e) accounts for the stribution of collision 

angles rel ive to the nominal 90@ ~ and and F2 are the number 

densities a given velocity beams 1 and 2. The flux in each 

velocity increment is sumrned 2 normalized to highe flux~ and 

nt out a 1ong w relative veloci (and collision 

energy) in 

nux points 

increme Finally, using 

ired 9 a flux increment 

and t~Q velocities (on the high and 

input number of output 

flux is calculated 

end of relative velo-

city range) corresponding to a given flux are interpolated from the 

velocities just calculated. These velocities are then output in 

form of punched cards for the next program, LUMFIT, as we'll as being 

printed out in UM. 



output is organized so that each pair of gases title, 

masses for beam 1 beam 2 t a are in out first. 

lowe collision ang ( Le. nal co11 ·l le minus 

f the ular width) full are nted in 

ians. The of ve·locities us two is 

in followed CO 1 llflnS for c ve loci 

ative flux (or i 1 i ty L and on 

w ve i Finally, i are 

i nted out with first umn probabili second 

rela ve veloci 

CELUM can be run to c culate ocity 

s with one 

cent F2/He + Ar and 10 percent F2/Ar) 

fi (e.g .• I2 ) and then ing the compl 

( progr arn 1 i ne and on down) in of 

ions 

7 

1 

sever 

set of input cards 

beam 2 gases. 

A scription of the input variables. a li ing and sample output 

for CELUM 11ows. 

IL (tit 

NVl, 

Vll ~ VZ2 

DVl, DV2 

Variables 

for ut 

ue number ocities input 
FLUX. 

ing oci 
and 2 in units 

for data input 
104 em/sec. 

FLUX for 

to on~~ 

1 

ity increments for input om Flux for beams 1 and 
2 in units of 104 em/sec. 



149 

Fl(I). F2(I) Input from FLUX for beams 1 and 2. 

Gl, G2 es in a.m.u .. for beams 1 and 2, Gl = 0.0 stops 
execution. 

CA 11ision angle in degrees. 

NRV 

NVA. NVB 

NF 

Full angular dth in degrees over which 
c cu1ation is made. 

Integer number of rel ive velocities to be calculated. 

Integer mrnber ve it ies om beams 1 and 2 be 
in c culation. 

teger niJTiber angles i calculation wi 11 be 
performed. Either an odd integer should be input or 
CELUM wi 11 assume the next highest odd integer. 

Integer number of flux points at which the relative 
veloci will be determined for output to LUMFIT. 
Angain. either an odd integer should be used or the 
next highest odd integer will be assumed. 



SK!P 

c 

c 
c 
c 
1 
c 

c 

c 
c 
c 
c 
c 
c 

c 

ll 

3 
2 

"' 

P!iOGRAf'1 CHUM( JNPUT .OUTPUT PUNCH TAPE5=lNPUT TAPE6:"0L!TPIIT 
CTAPE7:c:PUNCH l ' ' ' ' ~ ' 

DIMENSION IU 8l"FH 200) 200) RV< 202l T< 50> FT< 50) VAl 20001 
CVB< 20.00l,FAI 200vl,F!H l,FF( 500) ~OOl FFB< 500l'EEAI 500J' 
CFFCI 5001 500J fED< 5001 EFAI500 EFDC 500~ FFR<500~ ' 

RI<D=.Ol 33 ' ' ' ' 
i~EAD IN . OF VELOC! HES FOR BEAM! 
REAOC 5 l lNV 1 

AD I~ STARTING VELOCITY AND DELTA V FOR BEAM 
1021\/Zi DVl 

READ I FLU~ OUTPUT BY PRGM FLUX FOR BEAM l 
5,;102)( FH l l I l !\!Ill l 

5 1N TITLE UP'TO i CARD 
READI 101) L 
READ AND BEAM 2 
READ( 

1. 

-fW/2. 

AND FU~L ANGULAR WIDTH 

READ IN NO. OF VELOCITIES FOR BEAM 2 
5 103 H\1112 
I~ lNG VELOCITY AND DELTA V FOR BEAM 2 

READ< 1 )IJZ2 D\12 
READ BV PRGM FLUX FOR BEAM 2 
READ< l H 2( I l I=l 
READ I NO. OF RELATl VELOCITIES I NO. OF VEL. TO BE USED 
FROM BEAMS I AND 2 <A AND Bl NO. OF ION ANGLES TO BE USED 
AND . OF FLUX POINTS FOR N~XT PROGRAM 

l03>NRV,NVA,NVB,NT,NF 
NF 2)+1 
NT=2-<'( NT I l+l 
WRITE< l l 
WRITE< 6,105 liL 
WRJTEt6,10blG!,G2 
t<JRITE< 6 101l 
THE FOLLOWING ROUTINE PAINTS OUT THE VELOCITIES FROM FLUX 
i\i:f~ll\10( 1\1Vl,NV2l 

ll I=l N 
IT{< 1 08) II Z l +( ! -I l-<'D VI, F l< l l, Vl2+< I -l l-<'D \12, F 2( I ) 

IF<NV! .. i'li\12lGOTO~ 
M::cf'lA )(0( NV l, NV 2l 
N:::N+l 
l:::O.O 
002 I 
JF(NVl .. NV2lGOT03 
WRIT£< 6, 108>Z,Z,IIZ2+< I-l l-<'D\/2,F2< I l 
Go ro 2 
WRITE( lOBJVZl+< !-l l¥0\ll,Fi< I I,Z,Z 
CONTI 
WRIT£( 6,109 
WRIT£( 6 llO 
N\/A 1 
NVB 1 
THE FOLLOWING DETERMINE DELTA RVA DELTA ANGLE 
RVZ:::SQRT< Vll'>'Vll+\lll-<'( .-<'\lll.,.,,QSC CAl) l 
lll'l!=VZl+< 1\JIIl-J l-<'01/l 
Vf'll=IIZ2+< N\12··1 l"DI/2 

l 
2 
3 
~ 
') 

6 
7 
8 
9 

10 
ll 
12 
13 
l ~ 
15 
lf 
1 r 
18 
19 
20 
21 

2c 
27 
28 
29 
30 
31 
32 
33 
3~ 
3'5 
31':· 
37 
38 
39 
"10 
'11 
'l2 
'l3 
L)Lj 

'l5 
Lj(o 

'17 
1.18 
'l9 
50 
51 
52 
'53 
'5'i 
55 
56 
57 
')8 
59 
60 
6! 



c 

5 
c 

31 
30 

33 
32 

c 
39 
c 
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RVM=SQRTI VMl•VMI+VM2•< VM2-2.•VMI•COSI CA+FWIIl 
ORV=I RVM-RVZl/NRV 
DT::::fttl/( NT+l > 
THE FOLLOWING CALCS COS THETA 
N=NT/2+1 
FFF=l.O/FLOATI Nl 
F=O. 
D05~I::::i 1 N CA"'L,A+D f 
T< 1 >=Cos< cen ... z. 
T< NT-I +1 l=-TC l l 
F::::f+FFF 
FT< I I=F 
FTI NT-I +1 ):::F 
THE FOLLOWING CALCS VA<BEAMl I AND VBIBEAM21 
V=VZ l 
OVA::( NV 1-1 )"'OV l/( NVA-1) 
D030,1=l,NVI\ 
VAl I )=II 
F=< V-VZl l/DVl 
N=INT<FI+l 
IF< N.EQ.N\11 )GQT03l 
F=F-1'11+1 
FA! I )=FHNl~Fl<N+li-FHN))'<'F 
GO TO 30 
FA! I >=FHNVI > 
11=11+0\IA 
1/::::VZ?. 
DIJB::( N\12:--1 >•01121< NilS-I) 
DO 32, I::: l, NVS 
VB< I ):If 
F=< V-VZ2 1/0\12 
N=INT< F H·l 
IF<N.EQ.NV2JGOT033 
F :c:F -I'll+ l 
FBI I l=F2< Nl~ F2< N+l l-F21 Nl l•F 
GOTO 
FBI I N\12) 
\1"'-"\I+DVB 
f~N=NRV+l 
ZERO FLUX ARRAV 
D039,J=l,NI\I 
AVC I ):::0. 
FLUX AS A FUNC OF RELATIVE VEL. WILL BE CALC NOW 
DO.!iO I= I NI!A 
IIA2=VM 1 \/A( J l 
DO'fl J:::l,NVB 
VB2=VB( J l"' VB< J l 
\lAB =WH I l-"' VB( J ) 
FAB::< FA( I l<>'FB< J l l/C IIIH I l-"'1/BC J l l 
00'42 K=l NT 
l/1 ?=VA2+VB2-VIHJ•T< K > 
PE:c:FAS•FT< K J«SQRT< 1112 l 
R \/N=SQIHI V 12) 
N=INT<lR\IN-R\/Zl/DRVJ+l 
R\1( Nl=R\f( Nl+Pf 
CONTINUE 
CONTINUE 
CONTH\IUE 
fE=O. 
DO 43 J=l NAil 
IFI H<tr .~\/(I) JEf=R\fC r J 

f:)J 

t-3 
6'4 
~'; 

H 
67 
68 
69 
70 
71 
72 
73 
7'4 
7'5 
76 
77 
78 
79 
80 
81 
82 
83 
8'i 
8'5 
86 
87 
88 
89 
90 
91 
92 
93 
94 
95 
9b 
97 
98 
99 

100 
!OJ 
102 
!0.3 
lO'i 
105 
106 
107 
!08 
109 
J 10 
I J l 
! !2 
113 
ll'i 
115 
llb 
! l 7 
118 
!19 
120 
121 
122 
123 



c 

c 
'720 

300 

500 

100 
I 0 l 
102 
i03 
!0"1 
l 05 
106 
101 

lOB 
109 
ll 0 

lll 
112 
113 
1!4 
11? 

WR! TE< 1:-, 111) 
00 '14 l=l NRV 
WRITE{ 6,~.ll2lRVZ+( l-1 );cQFlV,RV( l )/EE G'>'(( fWZ+< l·-1 l'>DRVlH2. l 
~OW TO LALCULATE REL. VEIOC. AT EAtH FLUX FOR NEXT PROGRAM 
fiND RVMAX TO DIVIDE FLUX INTO HIGH AND LOW ENERGY PARTS 
DO 200 i = V 
IF< RV( l l. .H }RVI'1AX:::RVZ+( 1 1 )4<0RV 
OF;::l.INF 
WR I TE I 6 , 1 1 3 l 
K=NF-l 
DO l =1 K 
FF( l l +< f -ll.,.OF 
0 0 Lf 0 0 . J ::: 1 NR V 
IF (OIVZ+<J-U.,.DRVl.GE.RVI"ii'UOGO TO "120 
LOW VELOCITY INTERPOLATION 
JF< H<! l .l T .RV< J l/EE lGO TO "100 
FFA( l J::::RV( J )/EE 
FFB< I l:::R\1( J+l )/EE 
fEA(! ):::R\iZ + ( J-l J"'"DRV 
GO TO 'tOO 

Gli VELOCITY iNTERPOLATlON 
F< FF< 1 ) . GT. RV< l/EE lGO TO "100 

FFD< I )::::R\1( J 
I ):;::R\,1( J+l lifE 
l ):::fl\IZ+J'<'DRV 

NUE 
FF< I l-FFAI I l )/( FFB< l )-FFA< l l l 

EFA< l l=EEA< I '+DFA'<'DR\1 
fWC~ FF<! l-fFC< I))/( FFO< l )-~FC< Ill 
INVEk OROFR OF HIGH VELOCITY PART FOR OUTPUT 
FFD< NF-I +l l:::EED< I l-DFC'<'DRV 
FFR< NF-I+l l:::f'F( I l 
~~bl~\ i 4 ~H< l) ,EFA< l l 

FFR< l j;.::l .00000 
DO 5 00 I::: 1 NF 
WRITE<b,ll4l FFFHll,EFD<ll 
K=NF -1 
WRITE< 7, ll?HEFA< l l,I=l,K) 
WRITE( 7,ll?HEFD! I >,I=!,NFl 
GO TO l 
CONTI N!JE 
FORMAT< !0) 
FORMAT< IO.Ol 
FORMAT( i6I5l 
FORMAT< 1Hl,12HD!STRIBt!TIC~J,l2H OF REUHI\!E,llH VELOC!TlESl 
FORMAT< !HO, BA 10 l 
FORMAT< !H0,6HMASSl=,F8.'4 9H Mt1SS2=,FB.'il 
FORMAT< lH ,ii.!HBEAI"'! \IELOCITV,3X,'lHFUJX,"IX,l'IHSEAM2 IIELOCITV, 

C 3X "'IHFLt!X l 
FO~MAT< lH ,6X,F8. 2)( FL3lflXt.FB. 1.3l 
FORf'lf>T( 1 eHI'INGLE , .2 6HWiuHf::, . ) 
FORMAT< JH ,l7HBEAMl IIELOCITIES=,l"',l7HBEM12 VELOC!TIES=,l'-1, 

C 7HANGLE 1 3) 
FORMAT< l , ITV,5X l!HPROBA8JLITV,6X,l6HC'OLUS!OI\I ENERGVl 
FORMAT< .lH , . 8.5 1 6X fil."'l 
FORI"'IIHi JHO, 3X, l J LI tv, 5X BHVtl Of:ITY) 
FORMATI!H ~-.F8.5,6X,F8.'1) 
FORMAT( 8Flv.'tl 
END 

l 2'i 
12S 
\2b 
127 
128 
129 
130 
13! 
132 
!33 
i 3'4 
135 
136 
137 
J 38 
139 
PiO 
I'll 
1'12 
1'43 
l kjlj 

1'15 
i'-16 
1;; 7 
l"l8 
1"19 
150 
151 
152 
1'> 3 
!54 
155 
!56 
15 7 
btl 
159 
lbO 
161 
ib2 
1&3 
!64 
165 
166 
167 
l&B 
16'1 
!70 
1 71 
112 
173 
l 74 
1 75 
171:-
177 
) 7i3 
179 
JilO 
l£11 
182 
1B3 
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f'll:,TAJP.tiTlON OF RFIIliTI \JF vn ornJFS 

F! !IX \IS. rou. fNE'RGV FOR I 2 Pl i!S F 2 lN AR, T=-302K 

M~SSl=25~V.0000 Mt:ISS2= 3t<.OOOO 
BEAM I \/HOi" !TV Ht'X BEA1'12 llfl Of" lTV Fl''X 

2.700 0. '1.000 0. 
2. 750 0. '1.050 0. 
2.@00 22.980 IV. I 00 0. 
2.€!50 .910 '1. 150 0. 
2.900 .'110 '4.200 0. 
2.950 30. 9&0 '4.2'>0 0. 
3.000 35 . 380 '1.300 0. 
3.0'50 37 .'580 'i. 3'50 0. 
3.100 '12.920 '1.'400 0. 
3. I '50 51. 1'40 "1.'1'50 0. 
3.200 1514.200 4.'500 i/.'520 
3. 2'5(' t-0.100 "1.'5'50 1.@.70 
3.300 H.380 dl.l'-00 9.2!0 
3. 3'50 77.040 'i.t<,'50 ll. 920 
3.'100 @O.t-00 4.100 IA~.~JO 
3.4'50 fJ.t- .'5@0 AI. 750 l!S.iSf!O 
3 .1500 90.&90 "l.€100 20.1400 
3.'550 99.!'-'50 "4.@'i0 2'5.!S'40 
3.600 1 oe.. 31 o 41.900 31 .41110 
3.6'50 Hl9. 370 "1.9'50 3il.970 
3.700 113.070 '5.000 L~T.l-20 
3.7'50 liB .1!70 '5. 0?0 159. 730 
3.tl!OO 12!.@80 '5. 100 7"4.900 
3.€1'50 !27.@'50 '5. 1'50 93.7?0 
3.900 !29.930 '5.200 1!'5.920 
3.'il'50 I 31 .'5'50 '5.2'i0 l"'l '380 
1.1.000 132. 0'10 '5.300 I 71.100 
"1.0'50 l 33. '110 '5. 3'50 20! .'110 
"1.100 i 3& .f.l 0 '5.'100 232.1170 
'1. !'50 13'4. ?'50 '5.'1'50 U·CS.Ot-0 
'I. 200 ! 3'5. 2! 0 '>.'500 29'5. 190 
44.2'50 13!.030 '5.'5'50 323.620 
41.300 l2Fl. 770 5.600 344&.390 
44. 3'50 !29.1-'40 '5.f.'50 3'59. !90 
"4.1.100 l23.0FIO '5. 700 3&4.890 
"1."1'50 J20.€l20 '5. 7&)0 363.~20 
14.">00 J j 8. 300 'l.flOO 3%.0'40 
'4.'550 ll 0. 000 '5.850 34!. 900 
"1.600 I 07.950 '5.900 321.710 
'4.t-'50 l Ol. 930 5. 9'50 295.%0 
'4.700 9'5.;<.40 6.000 266..020 
1.1. 7'50 9l .1<90 &.050 235.0&0 
~.~.~00 ~t-.1570 b. l 00 20''. 1''50 
M.~50 83.0!0 "'.!50 176.0110 
11.900 77. 7 30 ic.lOO l-4€1. 9150 
"'. 9150 72. '?90 b.2'50 12'4.2'50 
15.000 f>€1.330 &.300 !02.&00 
5.0'50 "'l. ~30 "'. 3'i0 @4.0'40 
". l 00 !)'). 320 f-.'100 ~El.blO 
5. l"iO 52.730 6.11'50 ,., . f:-1'0 
15.200 '<15.0€-0 6.500 1.111.990 
'5.2&JO I.! I. '430 t<-.15'50 3f.. 180 
').300 38. 1'50 ~.600 30. roo 
1!).3'5'0 3'5.8@0 6.f.'50 2'3.'520 
'i.~.!OO 314. ?'iO b. 700 20.1'50 
15.'150 30. 960 "' . 7"50 lt-.f.20 



'>.500 27.7'20 f::..800 l 3. l f-0 
'5.5'30 2'1.830 f.. 8'50 10.710 
?.llOO 21.680 f:..'?OO 9. 'lflO 
5.650 19.290 (:.. 9'50 8.900 
'5. l 7.560 7. 000 1.HO 

"· 1'5.970 7. 01)0 6.Ll'l0 
0. 0. 7. l 00 5.'510 
0. 0. 1. !'50 "1.830 
0. 0. 7.200 'L 230 
0. 0. 7.250 3.630 
0. 0. 7.300 3. 130 
0. 0. 7.350 2.8"10 
0. 0. 7.'400 2.6"10 
0. 0. 7.4'50 2. '4'>0 
" v. 0. 7.500 2.200 
0. 0. r. '5150 l. 810 
0. 0. 7.600 0. 
0. 0. 7.650 0. 
0. 0. 7.700 0. 
0. 0. ., . 750 0. 
0. 0. 7.800 0. 
0. 0. 7.8'50 0. 
IL 0. 7.900 0. 
0. 0. 7.950 0. 

Al\l;';[f:::: l . 3"W! OTH:::: • .!-17 
13 E Al"lJ lfHCJCITIE'S'" lOOOtAf"i2 1/fLOf':I TIE'S= iOOANGLES= 29 

vnornv PROMBJL!TV COLLI SiaN tNfR(;V 
<4.2717 0. .rzoe 
'4,"1032 0. . 7<:,59 
,, . '5 346 0. .8123 
'1.Hf::.l .00000 .8600 

" 7916 . 0000'5 .9092 
&j 92-90 .000?9 . 9597 
'5. 060'5 .00106 LOllt-
'5.! 919 .00314 l. 06148 
'5.3234 .00780 1. I 194 
., . "'"'~ 9 . 01772 l. I 75"1 
'5. '51%3 . 03692 l .2321 
'5. 7!78 . o·rzoo 1.2914 
, .• ~'192 . 12.&139 l . 35 !5 
5 9807 .2130! I .<4! 29 
6. 1122 .32688 j .'17'57 
b. 2'l3t• ,46520 I .5399 
6. 3T'5l .61'448 l .6054 
6 .'5065 . 7'5588 1.6723 
6.b .88137 J. 7'40& 
6. .'16409 ! . 8102 
6.9009 I. 00000 l. 8812 
7.0324 .99342 I. 9535 
7. 63ft . 93'544 2.0272 
7. 29'53 .85302 2. 1023 
7. "126fl . 7429f::. 2. 11'88 
7.5582 .62335 2. 2'566 
7.6897 .50221 2.33151' 
7.S2ll 7 2.'1!63 
7.952f. 2.'4982 
8.0841 .2!422 2.581'5 
8.2!5'5 . !5001 2.&661 
8. 3"170 . 10!53 2. 7521 
8 '17@4 .06%1 2.8395 



f'l.f-099 
;:<. 14 1 Lf 

t1.il-72P. 
9.00'-13 
q. 13'57 
9. 2f-7? 
'1.39fl7 
9. '5301 
9.(-.f-Jf. 
'1.7930 
9.92'1'5 

l 0. 0'560 
J 0. lil7L! 
10.31~9 
l0 . .!J'503 
10.'>8lil 
10.7133 

PF10f:IA!H I T:V 
.00990 
.0!9il0 
.02970 
.03%0 
. 01496)0 
. 059.!Jl 
.0693) 
. 07921 
. 08911 
.09901 
. !0119! 
. ll B8l 
.l?flll 
. !38t' I 
. l '-1@'5 l 
. l GJP'-12 
.lf-832 
. 17P22 
. !81112 
. l9fl02 
.?0792 
.2!782 
.22772 
.?37/.2 
. 241'52 
.2?743 
. 2&733 
. 27723 
.21'1713 
.29703 
• 30&93 
.31&1'13 
. 3U7 3 
• 331<f- 3 
. 34&'5.l 
, 3GJf.4LO 
. 3&1?3•· 
. 37&2'< 
. 3M· I'~ 
. 39&04 
.40'594 
.41'5fl4 
.'42'574 

.040U 

.02409 

.01371 

. 0075 I 

.00'104 

. 0021 1 

.00109 

.000')'5 

. 00027 

.00012 

.0000'5 

.0000? 

. 00000 

.00000 

.00000 
0. 
0. 

lift Oi I TV 
'5. 3'5!2 
'5.l4f.9! 
'5.'53!'-9 
'5.'59&4 
'5 .633'5 
'5.&70& 
'5. 7077 
'5. {314(:. 

I). 71577 
'5. 7807 
'5.1<031< 
'5. @2&'1 
'5. 13497 
., .1"&'5 l 
5. 880'5 
'5. f39C,9 
5. 91!3 
'5 . 92t-h 
'5. 91420 
'l. 9S74 
s. 4721'1 
s. 91'l&3 
'5. 9977 
f-.0091 
&. 020'5 
t-.0320 
f.. 01434 
f-..0'5118 
&.0&&3 
&.0777 
f..089l 
h. J OOr 
". 1120 
f. l? j'-l 

". l 301'! e. 1'402 
6. !t.t97 
f.. l '59! 
f-.. l &F!S 
f.. l 779 
(-.' 1873 
& . !9f. 7 
6.20&1 
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2.92B3 
3.0]F!I.J 
3. l 098 
3.'2027 
3.29f-9 
3.39'2'1 
3.l4i<93 
3.'587& 
3 .t<-fl73 
3. 71?1<3 
3.@907 
3.99'1'i 
L!. 099& 
4.20&1 
4.3l39 
"'."'?.:ll 
4.15337 



. "13')£'&1 

. '< 1.! '5 '5 'i 

.'4'5'514'} 

. "!f.'S 3'> 

. "1'1'52') 

.1.!@'51'5 

.'4'1''50'5 

."50'1'1'5 

. 1"1~'5 
• ") i"LJ 7') 
. '53'4~.; 
'"):<4•1'5"> 
.'5'5A;'If. 
. '5{-4 31, 
. '57'12& 
• €'4116 
0 '5 'll140f. 
.Ml3'11' 
.~l31't
. &231(:. 
.b33f.tf. 
. f.'<J'5 f. 
• ;>,'5 3•t7 
.6&337 
. ~ 73?7 
.f.€1317 
.&9307 
.10297 
. Tl2f17 
. 72277 
. T:1U:·l 
. 7'42", 7 
. 7'52411 
. ff.23P. 
. 7'!228 
. 7 {llll'l 
. 7920? 
.@OJ9P 
. i<! i fiP 
.82 7'8 
.83 &P 
. 8'1 '5P 
.f'.':il"'19 
.flbl39 
. @7!29 
. 81'119 
.@9l09 
. '10099 
.'1' OP9 
.92019 

9 
. 9 
.950'50 
.96040 
.97030 
. 913020 
.9(11010 

l. 00000 
. 990 0 
.98020 
. 91030 
.9f.0'10 

6.21'5'? 
6.22"19 
f. . 2 31.l 3 
&.2"137 
6.252'> 
f..2bl2 
&.2699 
6.?1f'.f:. 
& . 2813 

. 29e· 1 
1:-.304€'1 
f.. 31 3'5 
6.3222 
6.3309 
b.3391 
(:. 3'18 1·1 
~. 3'571 
(:.. 8 
t< • 
l-.3tl37 
~.3929 
6.'1021 
~."'1!13 
6."120'5 
~.~297 
~."'13£J!9 
f..14LV€'l 
6. Li'574 
t.-.4f.H 
6.'47'58 
(,. Aifl'50 
l::.'-19"12 
"'. '503•; 
f-.'5133 
if:..'5237 
e. . '5 311 j 
f.. '5"114'? 
6.'5'5'-lf:l 
~.%'52 
f: • V;f'5(;. 

~.'5Bf.O 
6.'591'-3 
r:. .bot-·r 
b.&l'fl 
f:,. f-274 
f..f:.37P. 
f..l-'534 
b.f:.l-92 
f..f.f:IU9 
~. 7007 
lb.T!f.&! 
(,. 732! 
(;.. 1479 
b.Tb 

'"'· 6. P2fl•l 
t:.8b47 
IS. 9009 
r. 0399 
r.o&2'l 
T.OP.48 
7. 1072 
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. 9'50'>0 

. 940'l9 

.'130~9 

.92079 

.910t19 

.'90099 

.89109 

.~Sll9 

.1Hl29 

. ell-! 39 
• 1115 J>;9 
.f:l'll58 
.1<31&8 
.8217€< 
.fl!l€18 
.80!98 
.r9208 

lS 

.7(,2?-f!. 
• 7'52"4@ 
• 1142'5 7 
. 73261 
.72277 
.71287 
. 10291 
.~Q307 
• to I< l ., 
.~7 7 
.bt-327 
. 6'5347 
. l'-"13'51'
.t<331'-6 
.t-237e 
.bl3@b 
.e-0396 
.'59"10f. 
.'58'<!1'
. ')7"12(:. 
."56'13~ 
.'5'5"1/.jf 
.'5"1"1'5"5 
.'53"1f.'5 
. '5 24 7'5 
. '} l '4 €1'5 
. '5049'1 
. "19'i 0'5 
.41:''51S 
. 41'5 2'5 
."16'53'5 
. '-1'5'5"1'5 
."1"1'5'54 
. '43'51-"1 
. '42'574 
.'411Jil'4 
. 4059'4 
. 39b04 
. 38f.!4 
. 3762'1 
. 36634 
• 351;'44 
. 346'5 3 

., . 1297 
7. l '521 
7.Hl4 
., . l 872 
7.2030 
7.2lElf! 
7.23'16 
7.250"1 
7 .2H2 
7.2820 
7 .2'17'1 
7.3090 
7.320B 
7.3326 
7.3'1'44 
7.3':i63 
7.36@1 
7.3799 
7.3917 
7 .1!036 
7.4115"1 
7 .'4172 
7.'13€11 
7.'1'11'!9 
., .41591!1 
7.4707 
7.41@11'-
7.'1'12'5 
7. <5()3'1 
7.'51'12 
7. '525 l 
7 .'53&0 
7.5'4&9 
7. '5'571< 
7 .tJ&€~'5 
7 .'5793 
7.15900 
l.t-007 
7. f.ll"i' 
7.f.222 
7.&330 
7. f-'437 
7. f-'5'1'5 
7 .f..f:.")l 
7.Pf.O 
7. &8&7 
7.b"'P.3 
r. 1102 
7. 722! 
7. 73'10 
7. 7"160 
7. 7? 79 
., . 7(:,98 
7.7€'17 
7. 793& 
7.80"i? 
7.8!7'-l 
7.€130" 
7. fl'ii.J I 
7.8HP. 
7.f!7l'l 
7.88'50 
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. 33H3 

. ~2&73 

.311'-83 

.30"'93 

.29703 

.28713 

. 27723 

. 2& 733 

. 2'5 7'13 

. 2il7'52 

. 237&2 

.2'2772 

. 2l7i.'!2 

.20792 

. i 9f!O? 

. if!i1!2 

. ~ 7fl22 

. l f.f!32 

. 1 '58<42 

. ! "'f1'5 1 

.l3f!f-l 

. l287l 

. lll"8l 

. IOEI91 

.09901 

. OfNll 

.07921 

.0~931 

. 0'594} 

. 0"19')0 

.03'/f-(, 

.02970 

.Ol9M 

.00990 

7.898& 
7. 9122 
7. 92'?9 
7.939'5 
7. 9'5 32 
7. 9688 
7.98"1'5 
8.0001 
€1 • 0 l '5 El 
1'1.031"1 
8. 0"17! 
fl. 0&27 
fl.07fl"f 
8.0970 
fl 1172 
8. 137'> 
fl. 1'578 
8. 1780 
fl.l983 
fl.2l% 
1<.2'4!'-'1 
fl. 2733 
8.3001 
8. 32"10 
fl. 3'lt2 
8. 392<1 
8."1287 
f!.4&U'f 
{I.') 1 l 2 
fl. '5t· 3f. 
8.tl90 
8.t97J 
p. 79'57 
fl. 9'i3S 
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C. Program LUMFIT 

While data taken for the reactions scribed earlier was 

recorded as a function of collision energy. the raw data is actually a 

function of nozzle temperature seedi io. If the data were pro-

duced by two spatially well-defined supersonic sources, collision 

energy distribution ~~uld be suff iently narrow that the collisions 

between the two beams could be considered energet a 11y monochro-

matic. When is is true, the mo probable velocity from the time-

of-flight ctra for the beams at given temperatures and seeding 

ratios can be directly converted to the colli on energy. In the case 

of a supersonic source crossing an effusive source, the distribution 

is not monoenergetic and a more complicated calculation must be made 

to convert the nozzle temperature, at which the data was recorded, to 

a mean collision energy. The method chosen here was to assume an 

energy dependence for the reaction cross section and, using the 

relative velocity distribution from CELUM, fit the calculated signal 

to the experimental data at each temperature for each seeded gas. 

After determining the correct cross section energy dependence. a cross 

section weighted mean of energy distribution at temperature 

can calculated. 

The input LUMFIT primarily consists of the CELUM output and 

identifying information like number of flux poi for which there are 

velocities from CELUM and the temperatures at which distributions 

were measured. The experimental data and the temperatures at which 

they were recorded are also in~ 

s i g n a 1 = ax f1 u x and 1 oo k s 1 ·i k e 

Lines 80 is of the form: 
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SS • ((1. - C/(VEL(K)) 2)E)F(K)/SF 

is signal~ VEL(K) is relative veloci with flux 

F (K)" is the norma 1 i zes ux di ibution unit 

area C is the uare rela ve velocity correspondi to the 

o1 d energy. c E are adjustable The ion 

for cross se ion: 

a = (1 ( 2) 

is derived from sc ing theory( 3) and is applic le near 

d. A cross section uation li 

(3) 

where E > 1 was necessary to fit data t shold that has a much 

per nee than E "" .5. is cross 

ic a1 me ani and was us j 

li on energy. A cross section la 

line 80. The sign calculation leaves out 

are assumed cons t (any data for which 

adj ng i ) . 
, LUMFIT treats 

ion form has no 

nozz 1e temperature to 

can be used in 

beam number 

density is 

imenta 1 

it 

nt one 

may 

save 

a time. experimental temperatures usua11y fall 

ween, r on 9 the ures at which time~of-.fli a 
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was en~ ative oci 

from CELUM a. If 500 flux poi 

stribut-ion must 

are used "in 

interpolated 

C EL UM c a lc u 1 ion 

and there are 10 experimental points, a lot 

up. Therefore. LUMFIT fi i tifies the 

storage space is used 

CELUM temperatures the 

experimental temperature is ween~ interpolates to find the 

relative velocity that temper at cor-re onds to each flux 

vahte. If no interpolation is required (as mentioned above) the 

distribution directly from CELUM is us in the ne s p. When the 

interpolation is complete, LUMFIT converts is di ibution, which is 

normalized to a peak probability of one. to a distribution that is 

normali to an area of one and divides the distribution into equal 

velocity increments. LUMFIT then calcula for each flux and sums 

all the SS calculated at an experimental temperature. The above 

calculation is then repeated for the next temperature. Line 86 allows 

the user to normalize the calculated and experimental data to obtain 

agreement one temperature. 

The output is organized so that f·l title is printed, 

followed by the reference temperatures in ®K (temperatures at which 

the CELUM data was taken). Next the adjustable parameters~ the 

exponent and threshold energy 9 om which C is calculated, in 

kcal/mole, are printed~ followed by uced mass in a.m.u. A 

series of columns are ou next ~ first second are the 

experimental temperatures and signal, then the calculated signal, and 

finally, the square of the difference between the calculated and 

observed signal. The last three lines provide the sum of the 



difference uared the sc e or from line 86 u 

calcul 

ocity di 

points, an ci 1 as t 1 y sum of f 1ux 

ibution 

A few final should be made. The temperatures 

s Ke1vin ould input in with 

ature fi erirnent a. of course~ must 

same 0 as associated res. is 

ic ly fit the data, parameters must 

is is di eous in so far as the fit 

uH but it is advan s in it is 

what the cross section en w i 11 i a 11y 

to normalize 

the ·1 ast 

are 

input 

ss, 

from 

in 

in 

not 

n 

iori, 

eshold. manua.'l method elimi s 

convergence , with a sma 11 11t1nber 

problem of 

points to fit~ ly 

requires 1ess me in long run, The cross ion weighted mean 

energy be a1cu1 as follows for 

E 

E 

E 



where SFAC is the sc e factor output the end of the program. 

(mean energy E ) ss 
= SFAC 

Bee a use cross section formula is ch eable~ energy 

c a 1 c u 1 at i on was a progrMnmable ca1 ator. 

A 

Variable 

IL (title) 

NIT 

NF 

NT 

RT (I) 

T(I) 

CEL UM (I • J) 

(I) 

E 

c 

G 

ion the i vari 1es~ a lis ng 

low. 

iab1es 

di for output~up to one card. 

Integer number of 

Integer number 

erimental temperatures. 

flux p nts from CELUM. 

le output 

Integer number of reference temperatures from CELUM. 

Reference temperatures in oK for CELUM data~ in order 
increasing temperature. 

Experimental temperatures in @K 
order of increasi 
within r 

Input CELUM. I is 
(I). 

referri 

Experime a, in same order as T(I). 

F i parameter~ in 
cross section. 

is case the exponent 

nts. in 
must be 

a to 

the 

Fi ing 9 in this case the threshold energy 
for the cross section. The threshold velocity. c. 
used in the cross section is calculated from this in 
the program. 

Red rna s s i n a • m • u • 



v increment (in 104 em/sec) to be used in 
up velocity tion 

DELV the same all 



t 

c 
c 
c 
c 
c 

c 
c 

c 

10 
c 
c 
c 

c 
~0 
c 

c 
c 
c 

25 
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PROGRAfll t Ufllf i H l 
l(fl)l-fn<l 

l i ,o) 
INn 

READ< 1 H l 

NPUT~TAPE6=0UTPUTl 
10 iuOl) EPC 50), 

),VH(500l,t<500l 

READ NO. OF E~PERfllfiiTL TffllPS NO. Of FLUX POINTS, NO. OF REF 
FR01'1 CfL!Jll'l AND TOF ' 

fllUST BE FOR ALl T AND SAf~ AS IN CfLUM 
READ( 02 T I\IF NT 
All SHOU[D AE INPUT IN ORDER FROM LOW TO HIGH 
READ IN REF .TEMPS 
READ( 5£.103)( AT< I l 1=1 NTl 
READ N E~PfRMNTL'TEfllPS 

l BETWEEN Fm i l AND RH NT l 
)( T< I l, I:: l, NIT ) 

2)<$-l 
NF-1 l.._l 
N DATA OUTPUT 8V CELUM 
I:}, NT 

REM<5,l03HCElliM(I J> J::l 10 
K=l<+ l I ' ' 

READ< 03 )I CEL Ul"'{ I =li N£) 
READ I EIPERMTAL Lf POINTS 
READ<5 1.l03HEP<I> I=ltNITl 
READ IN FITTING PAAAM~ AND REDUCED MASS<Gi 
READ< l03lE C G 
READ I DELTA VELOCITY FOR USE IN CALC. SIGNAL 
READ< , HB >DEL V 
WA I ib, H>~ > 
WAJ'Tf( 6,105 Hl 
WRITE< 6, 106)( RH I l I=i,NT> 
WRITE< 6, 107) ' 
WAITE< 6, IOB>E,C,G 
C=836.84'C/G 
ZERO SIGNAL ARRAY 
DO ~Oli.I=l,NIT 
S< I >=v. 
CALCULATE FLUX AT EACH ENERGY 
DF=l ./NF 
DO .!i5 =l NF 
FHI ~1-l).,!JF 

.!ilb,I -l 
NF.._I IIIF-1 > 

ATE CELUM DATA FOR EXPERM!'\JTL TEMPS 
CUU'IH': AND SliM SIGNAL 

NUMBER DENSITY OF BEAMS lliSSU1'1ED CONSTANT 
RTC NT.._l >=3000. 
DO 30 I I = l 'N 1 T 
DO 20 .1 = 
!iFHT(Il. T.RTiJ)).OFUHI).GE.RT<J+I))lGO TO 20 
JF(f<i>. .RT!J))GO TO 15 
DO 25 IC= 
rcnu~" LIM( J ,,~~. )<$>{ < n r >-fiT< J > >tc RT< J+l l-f!H J > > 1"' 

C< Cfl!JI"'{ J+l,Kl-CELtJI"'{ J,li'll 
GO TO H 
00 16 I("' l? N'f 
TCELU~ K l::CEL!JI"'{ J I(> 
CALC FLUX AND VELOCITY FROM DELTA VEL, NORMALIZE TO UNIT AREA 

l 
2 
3 
Lj 

5 
6 
7 
s 
9 

10 
11 
12 
!3 
l'f 
15 
16 
17 
lB 
19 
20 
21 
22 
23 
2"l 
2'5 
26 
27 
28 
29 
30 
3) 
32 
33 
34 
35 
36 
37 
38 
39 
40 
'il 
'!2 
43 

"" 'l5 
Lib 
'17 
'18 
"19 
50 
51 
52 
53 
5LJ 

55 
56 
57 
58 
59 
60 
6! 



c 
H 

610 
620 
630 
6'10 

2'4 
650 
20 
30 

c 

10 

80 

l 0! 
102 
103 
l 0'1 
I 05 
j 06 
107 
!08 

109 

no 
111 
ll2 
115 

:::0. 
6'10 

liEU K) 
DO 6 

lBUTlON PEAK 
l-TCELU~ lll/DELV 

NE) 

IF« iO .. TCELU~UL .(1/fUKl.GE.TCELUM<L+llliGO TO 630 
IF< liEU K). . TCMlGO TO 6 
F< K l:::fF( L )+(<liEU K lc-TCELUM< L l l/( TCELUM< L+l >-TCELIJM< L l) l"'DF 
GO TO 

c 
c 

F< K L H (\/ELl K l-TCELUM< l l )/( TCELUif!{ L+l l-TCHUM< L I l l"'DF 
iO 

TO 21.! 
\lEU K )ll'\IEU I(> l >"'"'E l"'F< K l/SF 

FORMAT< iH ,FB. 
HW, 
!HO, l 
HIO, 12HTOT~L 

!0.2) 
, 3X, 

62 
63 
b'l 
65 
bb 
b7 
&8 
69 
70 
7! 
72 
73 
7'1 
75 
76 
17 
78 
7'1 
BO 
81 
82 
83 
811 
85 
86 
87 
88 
89 
90 
9! 
n 
93 
9'1 
95 
96 
97 
98 
99 

100 
10! 
102 
!03 
10'1 
105 
106 
107 
108 
109 
110 
Ill 
li2 
113 
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CALCULATION OF SIGNAL VS COLLISION ENERGY 

12 PLUS 10 PRCNT F2 IN AR 

REFERENCE TEMPERATURES? 

FITTING PARAMETERS 

302.00 500.00 700.00 

E XPOM:NT= .50000 THRESHOLD= 3.40 REDUCED MASS= 33.05 

TEMPERATURE OBSERVED 
318.50 ~26. 50 
333.50 10.20 
370.00 7.140 
385.00 14.60 
4113.00 2. ()7 
4136.00 33.50 
14416.00 T .56 
480.00 71 .60 
502.00 76.30 
517.00 56.00 
563.00 !30. 20 
617.00 22'4.90 

SliM OF OJFF. SQUARfOo:: 

SCAlf FACTOR= 1201.613 

TOTAL FU}ll"" liL'l5715 

SIGNAL 

37'25.814 

CALCULATED SIGNAL 
.03 

·. ll 
.99 

l. 97 
5.52 

10.62 
1'1.% 
33.32 
53. 7'4 
68.67 

130.73 
22'1.90 

( CALC-DBS\1 )n2 
703. 
l 0 l. 

Aj l. 06 
159.55 
ll. 91 

523.5'4 
49.03 

1465.33 
509.09 
160.56 

.2El 

.00 
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